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Submitted for the degree of Doctor of Philosophy 
Abstract 
Biosurfactants are naturally occurring amphiphiles with potential for use as 
alternatives to traditional petrochemical and oleochemical surfactants. The unique 
properties of biosurfactants, including their biodegradability and tolerance of a wide range 
of temperature and pH, make their use in a range of novel applications attractive. Currently 
the wider ultilisation of biosurfactants is hindered by a lack of economically viable 
production routes, with downstream processing presenting a significant challenge. This 
thesis presents an investigation into the production of HFBII, a hydrophobin protein, using 
an adsorptive bubble separation technique called foam fractionation for in situ recovery of 
the biosurfactant. 
The effects of foaming on the production of HFBII by fermentation were 
investigated at two different scales. Foaming behaviour was characterised in standard 
terms of the product enrichment and recovery achieved. Additional specific attention was 
given to the rate at which foam, product and biomass overflowed from the fermentation 
system in order to assess the utility of foam fractionation for HFBII recovery. HFBII was 
expressed as an extracellular product during fed batch fermentations with a genetically 
modified strain of Saccharomyces cerevisiae, which were carried out with and without 
antifoam. In the presence of antifoam HFBII production is shown to be largely unaffected 
by process scale, with similar yields of HFBII on dry matter obtained. More variation in 
HFBII yield was observed between fermentations without antifoam. In fermentations 
without antifoam a maximum HFBII enrichment in the foam phase of 94.7 was measured 
with an overall enrichment of 54.6 at a recovery of 98.1 %, leaving a residual HFBII 
concentration of 5.3 mg L-1 in the fermenter. It is also shown that uncontrolled foaming 
reduced the concentration of biomass in the fermenter vessel, affecting total production. 
This series of fermentation experiments illustrates the potential for the application of foam 
fractionation for efficient in situ recovery of HFBII, through simultaneous high enrichment 
and recovery which are greater than those reported for similar systems. 
After the suitability of foam fractionation was demonstrated a novel apparatus 
design was developed for continuously recovering extracellular biosurfactants from 
fermenters. The design allows for the operating conditions of the foam fractionation 
process, feed rate and airflow rate, to be chosen independently of the fermentation 
parameters. Optimal conditions can then be established for each process, such as the 
aeration rate required to meet the biological oxygen demand of the cell population. The 
recirculating foam fractionation process was tested on HFBII producing fermentations. It is 
shown that by using foam fractionation to strip HFBII from fermentation broth in situ the 
amount of uncontrolled overflowing from the fermenter was greatly reduced from 770.0 g 
to 44.8 g, compared to fermentations without foam fractionation. Through optimisation of 
the foam column operating conditions the proportion of dry matter retained in the 
fermenter was increased from 88 % to 95 %, in contrast to a dry matter retention of 66 % 
for fermentation without the new design. With the integrated foam fractionation process a 
HFBII recovery of 70 % was achieved at an enrichment of 6.6. This work demonstrates the 
utility of integrated foam fractionation in minimising uncontrolled foaming in fermenters 
whilst recovering an enriched product. This integrated production and separation process 
has the potential to facilitate improved biosurfactant production, currently a major barrier 
to their wider use. 
 
Keywords: antifoam, biosurfactant, fermentation, foam fractionation, hydrophobin, 
process integration, recovery, separation  
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1 Introduction 
Microbially produced biosurfactants are capable of fulfilling many of the roles for 
which petrochemical or oleochemical surfactants are currently used. The global market for 
surfactants is approximately 12 million tonnes per annum with a global average annual 
growth of approximately 3 per cent (Edser 2008). As demand on finite crude oil supplies 
increases the use of sustainable biosurfactants instead of petrochemical derived surfactants 
becomes more attractive since they have the potential to reduce the proportion of crude oil 
used to produce surfactants. Biosurfactants often have interesting characteristics not 
possessed by petrochemical or oleochemical surfactants, which could be exploited novel 
applications such as crude oil recovery, environmental bioremediation, foodprocessing and 
pharmaceuticals (Banat et al. 2010; Desai and Banat, 1997). However, for this to be 
realised on a large scale there needs to be further development of fermentation processes 
and downstream separation techniques for efficient biosurfactant production, especially for 
continuous product recovery and controlling nuisance foaming. Downstream separation 
techniques require particular scrutiny as they contribute approximately 60 % to the total 
cost of biosurfactant production (Mukherjee et al. 2006). Current research and industrial 
interest lies in many biosurfactants including surfactin from Bacillus subtilis, rhamnolipids 
from Pseudomonas aeruginosa and hydrophobin proteins from various filamentous fungi 
such as Schizophyllum commune and Trichoderma reesei (Askolin et al. 2006; Sarachat et 
al. 2010). 
Hydrophobins are a group of small, cysteine rich, self-assembling proteins which 
contain around 100 amino acids (Hakanpää et al. 2004b) with molecular weight in the 
range 7-9 kDa. They are secreted by filamentous fungi of the ascomycetes, basidiomycetes 
and zygomycetes (Scholtmeijer et al. 2001) and were first identified as the products of 
genes highly expressed during the formation of fruiting bodies and aerial hyphae in the 
basidiomycete Schizophyllum commune (Dons et al. 1984). Hydrophobin proteins have 
specific roles in fungal growth which involve changing the physical properties of surfaces, 
such as lowering the surface tension of the air-water interface, allowing submerged hyphae 
to escape from an aqueous growth medium and for the subsequent formation of aerial 
structures, (Wessels 2000). The whole family of hydrophobins can be broadly classified 
based on the solubility of their aggregates. Aggregates of Class I hydrophobins, such as 
SC3 from Schizophyllum commune, are highly insoluble and require strong acids such as 
triflouroacetic acid (TFA) to dissolve them, whereas aggregates of Class II hydrophobins, 
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HFBI and HFBII from Trichoderma reesei, are soluble in aqueous solutions of SDS or 
ethanol (Wessels 1996).  
The research presented in this thesis is concerned with the production of the 
hydrophobin protein HFBII from Trichoderma reesei by fermentation, the characterisation 
of HFBII fermentation broth, including foaming and surface properties, and the application 
of foam separation techniques for in situ recovery of the protein. HFBII is a Class II 
hydrophobin composed of 71 amino acids, including eight conserved cysteine residues 
between which four disulfide bridges are formed. These four disulphide bonds stabilise the 
globular structure of the HFBII molecule, creating an exposed hydrophobic patch and 
making the protein amphiphilic (Hakanpää et al. 2004a). The amphiphilic nature of the 
HFBII molecule lends the protein remarkable surface properties; being able to lower the 
air-water surface tension to approximately 30 mNm-1 at a concentration of 2 µM and 
having a high surface elasticity of 0.5 Nm-1 at a concentration of 1 µM (Cox et al. 2007a). 
These properties can be exploited to stabilise thermodynamically unstable structures of 
particular relevance to the food industry, such as aqueous foams and three phase emulsions 
(Cox et al. 2008; Tchuenbou-Magaia et al. 2009). Other applications of hydrophobins 
include their use as a wetting agent to aid dispersion of hydrophobic materials such as 
Teflon in water (Lumsdon et al. 2005), the encapsulation of insoluble drug molecules for 
oral delivery (Haas Jimoh Akanbi et al. 2010) and as indicators of beer gushing, the 
phenomenon of spontaneous foaming of beer (Sarlin et al. 2005; Deckers et al. 2010). 
If HFBII is to be used as a food ingredient, a robust production methodology is 
required, avoiding the use of non-food grade materials and microorganisms. Hydrophobin 
proteins themselves are considered to be safe for human consumption, due to their 
presence in naturally occurring and widely consumed foods such as the common button 
mushroom, Agaricus bisporus, (Linder 2009). Previously reported HFBII production 
methods involve fungal fermentation of overproducing cultures of T. reesei on a glucose or 
lactose medium, giving an extracellular product which can be recovered from both the 
fungal mycelium and the growth media (Askolin et al. 2001). Genetic modification allows 
other host microorganisms to be used; for instance fusion proteins of the Class I 
hydrophobin DewA and the Bacillus subtilis protein yaaD, which have surface properties 
similar to those of hydrophobins, have been expressed in modified E.coli as intracellular 
inclusion bodies (Wohlleben et al. 2009). In this work HFBII production is achieved by 
glucose fermentation using a genetically modified strain of S.cerevisiae, which expresses 
the hydrophobin extracellularly, potentially allowing the protein to be used as a food 
ingredient, subject to the complete removal of the microorganism. 
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The potential for problematic nuisance foam generation is high in aerated 
fermentation systems where extracellular biosurfactant is present, due to the surface 
activity of the product molecules, whilst the control of foaming in fermentations is critical 
to production and process scale up. The most frequently used method for limiting foaming 
in fermentations is the use of various commercially available antifoaming agents 
(Junker 2007). Other possible strategies include the ultilisation of foaming to selectively 
remove biosurfactant from the growth medium as it is produced, as demonstrated by Chen 
et al. (2006a) for the production of surfactin. The foamability of biosurfactant solutions can 
be exploited to increase their concentration in solution using a foam based separation 
technique called foam fractionation. Foam fractionation is an adsorptive bubble separation 
method, used for enriching solutions of surface active species (Lemlich 1968a). The 
effectiveness of foam fractionation can be quantified in terms of the increase in 
biosurfactant concentration, enrichment, and the quantity of biosurfactant removed by 
foaming, recovery. Foam fractionation can be used to recover extracellular biosurfactants 
directly from fermentation broth, by integrating a foam column with the fermenter, 
diverting foam to a collection vessel. 
Previous research has shown that foam fractionation can be used for in situ 
recovery of the biosurfactant surfactin from fermenters (Davis et al. 2001; Chen et al. 
2006a, b). However to make foam fractionation an attractive separation process, more 
operational control is required in order to achieve the desired simultaneously high 
biosurfactant recovery and enrichment. Attempts at in situ foam fractionation of 
biosurfactants so far have been limited by the constraints of the fermentation process 
conditions, with foam fractionation being non-optimal. In this thesis a study of the effects 
of foaming on HFBII production by fermentation is presented and the application of in situ 
primary product recovery by foam fractionation is shown to have the potential to reduce 
the cost of further downstream processing and of minimising foam formation. 
The PhD research contained in this thesis has been carried out in collaboration with 
Unilever, who have an interest in biosurfactants for the stabilisation of aerated structures 
(Cox et al. 2007a). In particular these aerated structures include food foams such as 
milkshakes and ice cream, where stability is required to preserve sensory properties and to 
ensure product quality during transportation and storage before reaching the consumer. 
These coupled challenges of making thermodynamically unstable, temperature sensitive 
products which need to have a long shelf life, novel structural properties and meet a drive 
to reduce calorific density have been met in part by earlier advances. One such example is 
the use of ice structuring proteins (ISP), first isolated from the blood of Antarctic fish and 
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commercially produced by fermentation, to control ice crystal formation and growth in ice 
cream, giving an improved product (Crilly et al. 2008; Lindner et al. 2005; DeVries and 
Wohlschlag 1969). More recently Unilever have been looking to HFBII to control the air 
phase contained in aerated food products to further meet product requirements (Cox et al. 
2008; Cox et al. 2007b). This interest in HFBII for food foam stabilisation led to the 
research collaboration between Unilever and Dr Peter Martin at The University of 
Manchester, with a focus on HFBII production methods and foam control during 
fermentation. 
Further to this introductory Chapter a review of the relevant current literature is 
given in Chapter 2. The discussion of the literature is separated into four areas; general 
properties of biosurfactants and background information on hydrophobin proteins, 
fermentation and HFBII production strategies, foam and foam separation techniques and 
finally a summary of previous experimental studies of biosurfactant foam fractionation, 
undertaken in order to classify the general behavior of these systems. The methods and 
materials used in all experimental work reported here are described in Chapter 3, where 
theoretical details of the techniques used are also provided. Experimental results are 
presented and discussed in three results Chapters; in Chapter 4 a characterisation of the 
surface and foaming properties of HFBII fermentation broth is presented and comparisons 
drawn with the behaviour of solutions of pure HFBII. The results from a study of HFBII 
production by fed batch fermentation with and without antifoaming agent on two different 
scales are given in Chapter 5. Specific attention was paid to trace the biomass and HFBII 
distribution throughout the fermentation and to relate this to the production kinetics. The 
rate of foam generation during fermentations without antifoam was studied and the 
potential for using foam separation techniques for the controlled recovery of extracellular 
biosurfactant products is demonstrated. A mass balance over the whole system showing the 
removal of surface active products and concentration of biomass in the fermenter by 
foaming is also reported. Finally in Chapter 6 the invention, design and experimental trials 
of a lab scale, second generation integrated fermentation and foam fractionation process 
for the in situ of biosurfactant from fermenters are presented. The effects of varying both 
the air and feed flow rates to the foam fractionation column on foamate collection and 
overflow generation were measured, with particular care being taken to determine the 
distribution of HFBII and biomass throughout the fermentation, in the fermenter, 
uncontrolled overflow and enriched foamate. Conclusions are made in Chapter 7 along 
with a discussion of future work and the potential for continuation of the research themes 
covered in this thesis. 
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2 Literature Review 
This review of literature relevant to the research findings presented later in this 
thesis is separated into four sections. The origins and general properties of a range of 
biosurfactants are discussed in Section 2.1, where their potential utility is outlined. The 
focus then shifts to a more detailed discussion of hydrophobin proteins with background 
information on hydrophobins presented with particular attention paid to HFBII, the 
hydrophobin protein of interest in this research study. In Section 2.2 the principles of 
fermentation are outlined and previously reported HFBII production strategies are 
summarised. Next, general information on foam and foam separation techniques is 
presented in Section 2.3. Finally in Section 2.4 a summary of previous experimental 
studies of biosurfactant foam fractionation is undertaken in order to classify the general 
behaviour of these systems. 
2.1 Biosurfactants 
This section begins by defining what a surfactant is and describing the common 
properties they possess. Background information on biosurfactants, regarding their origins 
and uses, is presented and the discussion then moves to a specific family of naturally 
occurring surface active proteins called hydrophobins. Details are given on a specific 
hydrophobin protein known as HFBII, which is the protein if interest in this research study. 
2.1.1 Surfactants 
Surface active agents or surfactants are amphiphilic molecules, meaning they 
posses a hydrophilic ‘head’ and a hydrophobic ‘tail’ (Weaire and Hutzler 1999). The 
amphiphilic nature of surfactant molecules gives them an affinity for gas-liquid and liquid-
liquid interfaces, such as the air-water and oil-water interfaces. At such interfaces the 
surfactant molecules orientate themselves so that their hydrophilic head groups are in the 
aqueous phase and their hydrophobic tails are in the gas phase, satisfying both ends of the 
molecule (Salager 2002). Figure 2.1 shows the adsorption of surfactant molecules at the 
air-water interface. 
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The tendency of surfactant molecules to accumulate at an interface,
an increase in interfacial area, results in a reduction of the surface tension. Surface tension 
is the force which allows the common pond skater (
surface of a pond and can be described as ‘the work req
isothermally by unit area’ (Martin and Szablewski 2001). A typical petrochemical 
surfactant like sodium dodecyl sulphate (SDS) can reduce the air
tension to 37 mN m-1
surface tension, i.e. a reduction in the free energy per unit area, caused by surfactants 
makes their adsorption to an interface thermodynamically favourable. Considering the 
work required to create new surface gives rise to 
 
 
 
where γ is the surface tension , an energy per unit area and the proportionality constant for 
the work required to create an amount of new surface 
of some surface with a perimeter of length 
consideration of surface tension as a force per unit length, 
 
 
 
Interpreting Equation 2.2
surface leads to Equation 
unit length (Weaire and Hutzler 1999)
 
 
Figure 
 
Gerris lacustris
uired to expand the surface 
-water equilibrium surface 
 at a concentration of 4mM (Gildnyi et al. 1976)
Equation 2.1 (Adamson and Gast 1997)
Work	=	γδA 
δA. Considering the increase in area 
l by a small amount 
Equation 
Work	=	γlδx 
 as the work done by a force F on the perimeter of the same 
2.3, which shows surface tension can be thought of as a force per 
. 
γ	=	
F
l
 
2.1 Surfactant accumulation at an air-water interface
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) to “skate” across the 
. The reduction in 
; 
(2.1) 
δx gives rise to the 
2.2. 
(2.2) 
(2.3) 
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The behaviour of surfactants at an interface is determined by their concentration in 
the bulk solution. As the bulk surfactant concentration is increased the number of 
surfactant molecules adsorbed to the interface rises, causing the surface tension to fall in a 
concentration dependent manner. There is a limit to the number of surfactant molecules 
that can adsorb to a surface before that surface becomes fully covered or saturated, leaving 
no ‘room’ for further surfactant molecules to align themselves across the surface. The 
surfactant concentration at which this occurs is termed the critical micelle concentration 
(CMC). At this point the surface tension is at minimum, as further addition of surfactant 
molecules does not alter the surface tension as no more adsorption to the surface can occur. 
Instead increasing the concentration of surfactant in the bulk leads to self-assembly of the 
surfactant molecules, which aggregate into various types of structure (micelles) depending 
on concentration and the specific properties of the surfactant. Figure 2.2 shows the general 
relationship between surfactant concentration and surface tension, γ. It is seen that the 
surface tension drops from the initial value for pure water of 72.9 mN m-1 with increasing 
bulk surfactant concentration, as surfactant molecules adsorb to the air-water interface 
(Adamson and Gast 1997). When the CMC is reached the surface becomes fully covered 
with a monolayer of surfactant molecules and further increasing the surfactant 
concentration leads to aggregation and the formation of micelles in the bulk solution. 
Figure 2.2 shows the progress of surface coverage and resulting drop in surface tension, 
along with a spherical micelle formed at a surfactant concentration above the CMC. 
Traditionally surfactants are derived either from petrochemicals or oleochemicals, 
such as plant and animal oils. Both types of surfactant are used in many everyday personal 
care products and other applications where their detergency is required. A common 
example is SDS which has the chemical formula C12H25SO4Na and is used in shampoos 
and shower gel. Petrochemical and oleochemical surfactants can be classified according to 
how they disassociate in aqueous solution. Anionic surfactants, like SDS, dissociate into an 
amphiphilic anion and a metal cation, Na+ in the case of SDS, non-ionic surfactants do not 
ionise in solution and finally cationic surfactants dissociate in water in a similar manner to 
anionic surfactants with the exception that the cation is now amphiphilic, with the anion 
often being a halogen (Salager 2002). 
Surfactants are also important foaming agents, which align themselves across the 
gas-liquid interface of foam bubbles, satisfying both the hydrophilic and hydrophobic ends 
of the molecule, stabilising the foam by a variety of mechanisms, including lowering its 
surface tension (Barigou and Davidson 1994). For more information on foams see Section 
2.3.1. 
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2.1.2 Biosurfactants 
Biosurfactants are a diverse group of naturally occurring surfactants of microbial 
origin (Desai and Banat 1997). Like traditional petrochemical and oleochemical 
surfactants, see Section 2.1.1, biosurfactants are composed of hydrophilic and hydrophobic 
groups, making the molecules amphiphilic with a predilection for interfaces, which they 
are capable of adsorbing to and lowering the surface tension of. Biosurfactants are 
classified according to their chemical structure and microbial origin, with the common 
types and their origin given in Table 2.1, adapted from (Abdel-Mawgoud et al. 2010; Banat 
et al. 2010; Deleu and Paquot 2004; Desai and Banat 1997; Nitschke and Costa 2007; 
Singh and Cameotra 2004; Van Hamme et al. 2006).  
Table 2.1 Common biosurfactants and their microbial origin 
Biosurfactant Type Example Microorganism 
Glycolipid 
Rhamnolipids Pseudomonas aeruginosa 
Trehalolipids Rhodococcus erithropolis 
Sophorolipids Candida bombicola 
Hydrophobins 
HFBI Trichoderma reesei 
HFBII Trichoderma reesei 
SC3 Schizophyllum commune 
Liposaccharides Alasan Acinetobacter radioresistens 
Emulsan Acinetobacter calcoaceticus 
Lipopeptides 
Iturin A Bacillus subtilis 
Surfactin Bacillus subtilis 
Viscosine Pseudomonas fluorescens 
Phospholipids 
- Corynebacterium lepus 
Particulate  Vesicles Acinetobacter calcoaceticus 
Whole microbial cells Cyanobacteria 
 
The main types of biosurfactants listed in Table 2.1 all differ in chemistry and 
structure; Glycolipids are low molecular weight carbohydrates with long chain aliphatic 
acid ‘tails’(Desai and Banat 1997). Hydrophobins are a group of small, surface active, 
fungal proteins (Wessels 1996) whose interesting properties are discussed in Section 2.1.3. 
Lipopeptides such as surfactin have a cyclic ring structure and a high molecular weight 
compared to glycolipids, whilst particulate biosurfactants consist of extracellular 
membrane vesicles (Banat et al. 2010; Van Hamme et al. 2006).  
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The range of current and potential applications of biosurfactants is large with their 
use in bioremediation, oil recovery, biomedical sciences and the food industry all being 
reported (Banat et al. 2010; Singh et al. 2007; Singh and Cameotra 2004; Nitschke and 
Costa 2007). Biosurfactants are biodegradable and have a low toxicity, properties which 
make their use particularly attractive to the pharmaceutical, cosmetic and food industries 
(Gharaei-Fathabad 2011; Nitschke and Costa 2007). In the following paragraphs some of 
these current and potential applications of biosurfactants are detailed; 
The main industrial use of biosurfactants is made by the oil industry, where 
biosurfactants are used in both oil recovery and processing (Banat et al. 2010). Oil 
recovery is concerned with maximising the productivity of a given oil field by extracting as 
much oil as possible from the reservoir, with the technologies for increasing oil recovery 
being referred to as enhanced oil recovery. Generally poor oil recovery is caused by low 
permeability of the rock surrounding the reservoir or the high viscosity of the crude oil 
itself (Banat et al. 2010). Microbially enhanced oil recovery involves the use of 
biosurfactants to increase well productivity through emulsifying the crude oil contained in 
the well and lowering the interfacial tension of the oil-water interface. The reduction in 
crude oil viscosity by biosurfactants increases recovery by improving oil drainage into the 
bore of the well and releasing oil trapped in rock capillaries (Singh et al. 2007). 
Biosurfactants used for enhanced oil recovery include rhamnolipids, lipopeptides 
like surfactin and emulsan and others isolated from oilfields and oil contaminated ground 
(Desai and Banat 1997; Singh et al. 2007). There are three ways in which biosurfactants 
are introduced to an oil well; the first, and most widely used strategy, is to produce the 
biosurfactant off site and inject the purified product into the oil well. The second and third 
methods involve in situ biosurfactant production by either the addition of biosurfactant 
producing microorganisms to the well or the addition of nutrients which trigger 
biosurfactant production in native microorganisms already resident in the well. 
The advantages of using biosurfactants for oil recovery rather than traditional 
surfactants are threefold; high biodegradability hence less contamination, selectivity and 
activity under a broad range of conditions, such as the elevated temperature and pressure 
encountered in oil wells, and the various methods by which they can be introduced to an 
oil well. In addition to their use in oil recovery biosurfactants which emulsify 
hydrocarbons, such as trehalolipids, can be used for the bioremediation of ground 
contaminated with hydrocarbons and other organic compounds due to industrial activity. 
(Franzetti et al. 2010). 
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Singh and Cameotra (2004) report the potential biomedical applications of the 
lipopeptide biosurfactants iturin A and surfactin from B.subtilis. Iturin A is an effective 
antifungal agent that has been suggested to be effective against fungal skin infections 
(mycosis) (Tanaka et al. 1997). Surfactin exhibits several interesting antimicrobial and 
antiviral properties and also inhibits the formation of fibrin clots, which can lead to 
thrombosis. It is thought that the antiviral action of the surfactin molecule is due to 
physiochemical interaction involving the lipid membrane of the virus. 
Some companies, such as Ecover (BE) (www.ecover.com), have commercialised 
biosurfactant products, in this instance for household cleaning, marketing them based on 
their environmental benefits (Edser 2011). Biosurfactants have also found use in the food 
industry, with Jeneil Biotech Inc. (USA) (www.jeneilbiotech.com) commercially 
producing rhamnolipids and having FDA approval for a biofungicide for the preventing the 
growth of pathogenic fungi in fruit and vegetable crops. Nitschke and Costa (2007) outline 
several other ways in which biosurfactants can be used in the formulation of food products, 
including the stabilisation of aerated products, preventing the formation of fat globule 
agglomerates and texture improvements of a range of fat and starch based foods. The 
ability of biosurfactants to tolerate a wider range of pH than traditional surfactants allows 
their use in harsher environments where petrochemical and oleochemical surfactants 
cannot be utilised. For example the pH stability of the exopolysaccharide EPS 71a from a 
marine strain of Enterobacter cloacae has been taken advantage of as a new emulsifying 
agent and viscosity enhancer with potential for use in food products with acidic pH, due to 
their containing citric or ascorbic acid (Iyer et al. 2006; Nitschke and Costa 2007). Iyer et 
al. (2006) found that the biosurfactant EPS 71a was able to emulsify xylene more 
efficiently than commonly used viscosity enhancers and stabilisers such as arabic and 
xanthan gum. However the need to develop manufacturing processes to produce such 
biosurfactants to the standard required for their use as a food ingredient remains as an 
obstacle to their commercialisation. Presently it is not possible to market food products 
containing biosurfactants which are not expressed in organisms which are generally 
regarded as safe (GRAS). 
One of the main barriers to the wider use of biosurfactants in place of traditionally 
used surfactants is their high cost, which is approximately 50 times that of petrochemical 
and oleochemical surfactants, depending on the biosurfactant in question (Deleu and 
Paquot 2004; Franzetti et al. 2010; Nitschke and Costa 2007). Of these costs around 60 % 
is contributed by downstream processing, highlighting the need for the development of 
more efficient separation techniques for biosurfactants (Mukherjee et al. 2006). In certain 
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high added value markets where niche applications of biosurfactants have been identified 
the expense of biosurfactant ingredients can be offset to some extent. Deleu and Paquot 
(2004) suggest that developing alternative routes for biosurfactant production, such as 
biotransformation of natural products, may help reduce production costs. However, from 
an engineering and manufacturing perspective it is preferable to exploit microorganisms 
which naturally express biosurfactants in established bioprocesses such as fermentation, 
using technology which is well understood and accepted by the public from its long 
standing application in the brewing industry. These two factors are key if the novel 
properties of biosurfactants are to be exploited in the potential food and medical 
applications discussed previously. 
2.1.3 Hydrophobin proteins 
Proteins are long chain organic macromolecules that are essentially condensation 
polymers built of different amino acid “monomers”. The conserved amino acid residues in 
a protein molecule are joined by peptide bonds, giving rise to the name polypeptide. A 
peptide bond or linkage is a covalent bond formed between the carboxyl and amino groups 
of neighbouring amino acids. Figure 2.3 shows the structure of a peptide linkage as well as 
those of a carboxyl and an amino group. When a peptide bond is formed between a 
carboxyl and an amino group, forming a dipeptide, one molecule of water is liberated (Hill 
and Holman 2000). In a dipeptide one amino acid residue contains a free amino group and 
is referred to as the N-terminus, while the other residue with a free carboxyl group at its 
end is known as the C-terminus (Voet et al. 2006). 
The specific sequence of amino acids in a protein is known as the primary 
structure, which is determined by the specific sequence of nucleotides in the gene which 
encodes a particular protein (Petsko and Ringe 2004). A protein’s secondary structure is 
the local spatial arrangement of the atoms which form the backbone of the polypeptide, 
consisting of α-helixes and β-sheets (Voet et al. 2006). Protein secondary structure is 
stabilised by hydrogen bonds formed between the carboxyl and amino groups of amino 
acid residues (Petsko and Ringe 2004). The full three dimensional structure of a protein, 
i.e. the way elements of the protein arrange themselves to form the fold of the protein, is 
referred to as the tertiary structure (Petsko and Ringe 2004; Voet et al. 2006). The fold of a 
protein is stabilised by various interactions between atoms, including; covalent bonding, 
disulphide bonds, salt bridges, hydrogen bonds, long range electrostatic interactions and 
Van der Waals interaction (Petsko and Ringe 2004). 
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Carboxyl group
Amino group
Peptide link
Proteins are produced by microorganisms whose hereditary information, carried in 
their genes, is converted to proteins. The various amino acids are each represented by a 
codon which is composed of three nucleotides contained in a strand of 
deoxyribonucleic acid (DNA). The sequence of nucleotides in a gene gives the order of the 
amino acids in the primary structure of the protein encoded. To express a protein the 
information carried in DNA is first transcribed into messenger ribonucleic acid (mRNA) 
and the translated into a protein 
this transcription-translation process is given in 
(2004). 
 
 
 
 
 
 
 
 
 
Figure 2.3 Structure of a carboxyl group, an amino group and a peptide linkage
Figure 
 
 
 
 
 
 
 
(Petsko and Ringe 2004; Voet et al. 2006)
Figure 2.4, adapted from 
2.4 Protein transcription and translation from DNA
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Hydrophobin proteins (hydrophobins) are naturally occurring small proteins which 
are secreted by various filamentous fungi of the ascomycetes, basidiomycetes and 
zygomycetes and play several roles in fungal growth, based around changing the physical 
properties of surfaces (Wessels 1996). Early reports of hydrophobins include Russo et al. 
(1982), who identified the hydrophobin protein cerato-ulmin from the fungus Ceratocystis 
ulmi as one of the phytotoxic materials possibly responsible for causing Dutch elm disease. 
Dons et al. (1984) also identified hydrophobins as the products of genes expressed during 
the formation of fruiting bodies and aerial hyphae in the basidiomycete 
Schizophyllum commune. The natural roles of hydrophobins include lowering the surface 
tension of water, allowing hyphae to escape from the aqueous phase and the subsequent 
formation of aerial structures, such as fruiting bodies (Linder et al. 2005; Wösten et al. 
1999b). Hydrophobins posses common characteristics including a strong tendency to self-
assemble in solution and at hydrophobic-hydrophilic interfaces, such as the air-water 
interface, where they form amphipathic films (Linder et al. 2005; Wösten 2001). These 
characteristics mean that hydrophobins are considered to be biosurfactants (Askolin 2006). 
Currently there is a large amount of research interest in a range of hydrophobin proteins 
with two review papers having been recently published, one by Cox and Hooley (2009) 
and one by Linder (2009). Elsewhere extensive research on industrially relevant 
hydrophobins has been conducted by VTT Biotechnology (FI) and Unilever who have 
published several notable papers on the structure, surface properties and potential 
applications of hydrophobins (Basheva et al. 2011; Cox et al. 2008; Cox et al. 2007a; 
Linder et al. 2005; Szilvay et al. 2007). 
Naturally occurring hydrophobins play an important role in fungal growth and 
development, allowing hyphae to breach the air-water interface and escape from their 
aqueous substrate (Wösten et al. 1999b). It was shown by Wösten et al. (1999b) that the 
fungus Schizophyllum commune expresses the hydrophobin protein SC3 into the culture 
medium, lowering the surface tension of the air-water interface from 72 mN m-1 to 
30 mN m-1 over the course of four days, allowing aerial hyphae to form. Disrupting the 
SC3 gene through genetic manipulation of wild-type S. commune greatly reduced the 
number of aerial hyphae formed by S. commune, with the surface tension of the culture 
medium being 45 mN m-1 after six days of fungal growth (van Wetter et al. 1996; Wösten 
et al. 1999b). The specific role of SC3 was confirmed by adding purified hydrophobin to 
the culture medium of the disrupted strain. Upon addition of non-native SC3 the surface 
tension of the air-water interface fell to a similar value as for the wild type strain and 
hyphae growth was restored (van Wetter et al. 1996; Wösten et al. 1999a). The emergence 
Chapter 2 
 
of a fungal hyphae from an aqueous medium is shown in 
(2001), where a hyphae is shown expressing hydrophobin into the surrou
with a hydrophobin film allowing an aerial hyphae to breakthrough the air
interference.  
 
 
Hydrophobins also coat fungal surfaces where they assemble into rodlet layers and 
impart hydrophobicity to the surface of aerial hyphae 
This assembled hydrophobin layer lends stability to hyphae and serves to promote gas 
exchange in fruiting bodies by keeping the air channels dry 
The whole family of 
and Class II, based on the solubility of their aggregates 
assembled films (aggregates) of Class I hydrophobins, such as SC3 from 
commune, are highly insoluble and can only be dissolved in strong acids such as 
triflouroacetic acid (TFA), whereas aggregates of Class II hydrophobins, like HFBI and 
HFBII from Trichoderma reesei
SDS (Wessels 1994; Wessels 1996)
hydrophobins and their f
Linder et al. (2005), Wessels 
 
Figure 
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(Wösten 2001)
hydrophobins can be organised into two categories, Class I 
(Wessels 1994)
, are soluble in aqueous solutions of 60
. A summary of various Class I and Class II 
ungal origin is given in Table 
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Table 2.2 Summary of some hydrophobin proteins and their fungal origin 
Taxonomy Class Fungal Origin Hydrophobin Protein 
Basidiomycetes 
I 
Agaricus bisporus ABH1 
Agaricus bisporus ABH2 
Coprinus cinereus CoH1 
Flammulina velutipes FvHYD1 
Pisolithus tinctorius HydPt1 
Pisolithus tinctorius HydPt2 
Schizophyllum commune SC1 
Schizophyllum commune SC3 
Schizophyllum commune SC4 
Schizophyllum commune SC6 
Pleurotus ostreatus VMH3 
Ascomycetes 
Aspergillus nidulans DewA  
Neurospora crassa Eas 
Cladosporium fulvum HCF1 
Aspergillus fumigatus HYPD1 
Magnaporthe griesa MPG1 
Aspergillus nidulans RodA 
Metarhizium anisopliae SSGA 
Xanthoria ectaneoides XEH1 
II 
Cryphonectria parasitica CRYP 
Ophiostoma ulmi CU 
Trichoderma reesei HFBI 
Trichoderma reesei HFBII 
Trichoderma reesei HFBIII 
Gibberella moniliformis HYD4 
Magnaporthe griesa MPH1 
Trichoderma harzianum QID3 
Trichoderma harzianum SRH1 
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The primary sequence of hydrophobin proteins typically contains 70-125 amino 
acids, eight of which are conserved cysteine residues (Wessels 1996). Cysteine, whose 
structure is shown in Figure 2.6, is a non-essential amino acid with the chemical formula 
C3H7NO2S and a molecular weight of 121.13 g mol-1 (Voet et al. 2006).  
 
 
 
 
The eight conserved cysteine residues all occur in a specific order in the primary 
structure of hydrophobins with the second and third, and sixth and seventh cysteine 
residues being adjacent in the chain (Linder et al. 2005). It is the presence of these 
conserved cysteine residues in their primary structure that makes hydrophobins 
distinguishable from other fungal proteins. Besides the number and sequencing of 
conserved cysteine residues the amino acid similarity of hydrophobins is low, even 
between those produced by the same fungus. Wessels (1996) compared the amino acid 
sequences of SC1, SC3 and SC4 from S. commune (see Table 2.2) and found only 39 % 
similarity. Considering a wider range of hydrophobins from other fungi even less similarity 
is found beyond the conservation of cysteine residues (Wessels 1994). The secondary 
structure of both Classes of hydrophobins is stabilised by the formation of four 
intramolecular disulphide bridges between the eight conserved cysteine residues (Linder et 
al. 2005). Disulphide bridges are formed when the reduced S-H groups from two different 
cysteine residues react to form an oxidised S-S covalent bond (Petsko and Ringe 2004).  
The Class II hydrophobin protein HFBII from Trichoderma reesei has a primary 
structure which consists of 71 amino acids, reported by Hakanpää et al. (2004a), Linder et 
al. (2005) and Wösten (2001) is shown in Table 2.3, where the cysteine residues are 
indicated in red. An explanation of the abbreviated names used to refer to amino acid 
residues in Table 2.3 is given in Table 2.4. The disulphide bridges are formed between the 
eight conserved cysteine residues in the following pattern; 
 Cys‐1(3)‐Cys‐6(52), Cys‐2(13)‐Cys‐5(42),Cys‐3(14)‐Cys‐4(26), Cys‐7(53)‐Cys‐8(64) 
where the numbers in brackets correspond to the cysteine residue’s position in the primary 
structure of HFBII (Hakanpää et al. 2006; Hakanpää et al. 2004a). Figure 2.7, adapted 
from Linder et al. (2005), illustrates these covalent disulphide bonds and the relative 
Figure 2.6 Cysteine molecule 
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spacing of the cysteine residues in HFBII, where the disulphide bridges are represented by 
dashed lines the amino acid chain by the solid lines. These four disulphide bonds stabilise 
the globular structure of the HFBII molecule, creating an exposed hydrophobic patch. This 
patch contains the majority of the hydrophobic amino acid residues, making the protein 
amphiphilic (Hakanpää et al. 2004a; Linder et al. 2005). Figure 2.8, adapted from 
Hakanpää et al. (2004a), shows a stereo image of the secondary structure of HFBII, where 
the positions of the eight conserved cysteine residues are indicated in the right hand image 
by C and in the left hand image the disulphide bridges are labelled S1-S4 and the N and C-
terminals are shown. The two β-hairpins form a barrel-like structure and contain all of the 
conserved and exposed hydrophobic amino acid residues in the protein, 11 in total (Linder 
et al. 2005), forming a hydrophobic patch on the surface of the molecule (Hakanpää et al. 
2004a). A more detailed HFBII structure at a higher resolution is given by (Hakanpää et al. 
2006).  
HFBII behaves as a biosurfactant with the ability to lower the surface tension of the 
air-water interface to around 30 mN m-1 at a concentration of 2 µM, whilst also imparting a 
high surface elasticity of 0.5 Nm-1 at a concentration of 1 µM (Cox et al. 2007a). The 
elastic nature of the HFBII surface film poses experimental problems which make 
accurately determining the equilibrium surface tension difficult, although it is generally 
accepted that HFBII is very surface active (Cox et al. 2007a; Linder 2009). The exposed 
hydrophobic patch on surface of the HFBII molecule gives the protein a tendency to 
aggregate in solution, forming dimers and oligomers (Kisko et al. 2008; Linder 2009; 
Torkkeli et al. 2002). When two HFBII molecules associate in aqueous solution the 
hydrophobic patches on the surface of the protein come together, shielding them from the 
aqueous phase (Hakanpää et al. 2006). It is suggested by Hakanpää et al. (2004) that the 
HFBII tetramers form at higher concentrations of the order of milligrams per millilitre, this 
observation being corroborated by Paananen et al. (2003). Such tertrameric aggregates of 
HFBII in solution were also observed by Kisko et al. (2008) using small-angle X-ray 
scattering (SAXS). Elsewhere several studies have been conducted with a focus on the 
structure of the amphipathic films formed by HFBII at the air-water interface (Kisko et al. 
2009; Paananen et al. 2003; Szilvay et al. 2007). The amphipathic HFBII films were 
formed using Langmuir-Blodgett techniques and studied with atomic force microscopy 
(AFM), Brewster angle microscopy (BAM) and SAXS. The propensity of hydrophobins to 
self-assemble in solution and form amphipathic films at the air-water interface results in 
there being a wide range of possible practical uses for this group of proteins. 
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The range of potential applications of hydrophobins is large and covers an array of 
different fields including the food industry, surface modification, medical applications and 
the brewing industry, where hydrophobins are indicators of beer gushing (Cox et al. 2008; 
Linder et al. 2005; Scholtmeijer et al. 2002; Scholtmeijer et al. 2001; Shokribousjein et al. 
2011; Hektor and Scholtmeijer 2005). Some interesting examples of the potential 
applications of hydrophobins are summarised in Table 2.5, with further details of some of 
the examples given in the following paragraphs; 
The use of hydrophobins to change the functionality of surfaces is demonstrated by 
Lumsdon et al. (2005) who used HFBII to wet-in and disperse extremely hydrophobic 
PTFE particles in aqueous solution with the aid of a high energy ultrasonic probe. The 
experiments conducted by Lumsdon et al. (2005) also highlight some of the functional 
differences between Class I and Class II hydrophobins. Taking a 2.25% aqueous dispersion 
of Kevlar nanopulp, a fine fibre form of Kevlar with a high specific surface area, Lumsdon 
et al. (2005) found that aggregation of the Kevlar particles and the their subsequent 
sedimentation could be reduced by the addition of 60 µg mL-1 HFBII. The reduction in 
Kevlar particle agglomeration caused by HFBII was determined by measuring the 
absorbance of the dispersed phase, which was higher when sedimentation of the Kevlar 
nanopulp was prevented. The same experiment was conducted using the Class I 
hydrophobin SC3 at the same concentration of 60 µg mL-1, with no stabilisation of the 
Kevlar particles being observed. The exact reasons for this difference are not discussed by 
Lumsdon et al. (2005) nor is a mechanism by which HFBII stabilises the Kevlar dispersion 
proposed, although this is likely to involve interactions between the hydrophobic Kevlar 
nanopulp and the hydrophobic patch of the HFBII molecule.  
Figure 2.8 The secondary structure of HFBII (Hakanpää et al. 2004) 
Disulphide bridge 
N-terminus 
C-terminus 
β-sheet 
α-helix 
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The interesting surface rheological properties of HFBII have been elucidated in 
several recent papers published by Unilever and their collaborators. The presence of HFBII 
is shown by Cox et al. (2007a) to have a significant effect on the air-water interface, 
lowering its surface tension and creating a highly elastic film. The surface elasticity of the 
assembled HFBII dominates the rheology of the air-water interface, being around ten times 
the surface viscosity at a given concentration (Cox et al. 2007a). The stability of single 
bubbles and of bubble dispersions was investigated by (Cox et al. 2007a). Single bubbles 
stabilised by 0.0001 M HFBII, 0.01 M SDS, 0.001 M β-casein and 0.001 M β-
lactoglobulin were formed at the air-water interface and their change in size monitored 
over time using a microscope. Over a period of one hour no change in bubble diameter was 
observed for the HFBII stabilised bubble, compared the bubbles stabilised by SDS, β-
casein and β-lactoglobulin which shrank and disappeared over a timescale of a few minutes 
(Cox et al. 2007a). Dispersions of HFBII coated bubbles also display some interesting 
features, notably the existence of non-spherical bubbles, which is unexpected as surface 
tension usually acts to balance the pressure difference across the bubble surface by making 
the bubble take a spherical shape. These observations made by Cox et al. (2007a) provide 
strong evidence that once a surface adsorbed HFBII layer has formed on a bubble strong 
resistance to any change is surface area is imparted.  
HFBII stabilises bubbles by slowing rate of disproportionation, the diffusion of gas 
from small to large bubbles due to a difference in Laplace (internal bubble) pressure. A 
criterion for the prevention of disproportionation in a foam by a purely elastic surface is 
given in Equation 2.4, which states that disproportionation is halted if the dilatational 
surface elasticity is larger than half the surface tension. (Blijdenstein et al. 2010; Cox et al. 
2008) 
 
 E	=	
dγ
dlnA 	>	
γ
2 
(2.4) 
 
where E is the surface dilatational elasticity, γ is the surface tension and A the surface area. 
Although this criterion is useful, in the context of food foams which have a visco-elastic 
response to surface deformation it is not entirely valid. However, it is thought that the very 
high surface elasticity of HFBII compared to other proteins, like β-casein and β-
lactoglobulin, is one of the main factors for the reduction of disproportionation and the 
long bubble lifetimes observed. 
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The link between surface rheology and foam coarsening is further explored by 
Blijdenstein et al. (2010) who studied foams made from HFBII, Quillaja saponin (a 
naturally occurring surfactant), β-casein and β-lactoglobulin. HFBII foams were again 
found to be very stable to disproportionation, with a careful study of the dilatational 
rheology of the air-water interface being made using a Langmuir trough. The behaviour of 
HFBII at the air-water interface was investigated at differing amounts of surface coverage 
and evidence presented that HFBII molecules act as ‘hard’ particles at the interface 
(Blijdenstein et al. 2010). More recently Basheva et al. (2011) reported in detail on the 
formation non-spherical bubbles formed from solutions of HFBII. Bubbles were formed in 
0.005 % (wt) solutions of HFBII using a capillary. Once formed the bubbles were allowed 
to rise through the bulk HFBII solution, reaching the air-water interface in approximately 
one second. The HFBII stabilised bubbles formed in this way took non-spherical shapes, 
instead being elongated and distorted. It is suggested by Basheva et al. (2011) that the 
unusual bubble shapes are caused by the formation of a HFBII “skin” at the bubble surface, 
with this elastic skin preserving the bubble shape the moment at which it solidifies. This 
“skin” forming process happens before equilibrium of the bubble pressure surface tension 
force is attained, resulting in non-spherical bubbles. These results suggest that the 
rheological properties of the absorbed HFBII film determine the mechanical behaviour of 
HFBII stabilised dispersions, as was seen by Cox et al. (2007a) in their study of HFBII 
stabilised bubble dispersions.  
These surface properties of HFBII can be exploited to stabilise thermodynamically 
unstable structures of particular relevance to the food industry. The potential use of HFBII 
as a food ingredient was first reported in the literature by Cox et al. (2008), who 
demonstrated that aqueous foams containing 0.1 % (wt) HFBII are remarkably stable 
compared to those generated from solutions of sodium caseinate, β-lactoglobulin or 
Tween-80 over a range of pH values. An example of an aqueous HFBII foam is given 
which, with the addition of xanthan gum as a thickening agent, lost only 20 % of its initial 
air phase volume over 28 months when stored at 5°C. The mechanism by which HFBII 
stabilises aqueous foams is due to surface adsorption of the protein and the resulting high 
surface elasticity of the foam bubbles, which reduces the rate of disproportionation in the 
same manner as previously described for individual bubbles (see above). It is suggested 
that HFBII molecules behave like Janus particles, hard spherical particles with 
hydrophobic and hydrophilic hemispheres (Casagrande and Veyssie 1988), at the air-water 
interface. Janus particles are known to lend greater stability to the air-water interface in 
emulsions and foams than surfactant molecules. The origin of these properties lies in the 
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disulphide bonded secondary structure of HFBII, which stabilizes the protein’s globular 
structure and prevents it from unfolding at the air-water interface (Linder et al. 2005). Cox 
et al. (2008) go on to show that the observed foam stability isn’t limited to simple aqueous 
HFBII systems, but is also exhibited in more complex formulations. HFBII was added to a 
chocolate milkshake, which contained cocoa powder, fats and sugar, as an air phase 
stabilizer, with no reduction in the milkshake’s air phase volume being observed when 
stored at 5°C over a period of five weeks. 
Tchuenbou-Magaia et al. (2009) report the use of HFBII to create stable three phase 
air-oil-water emulsions with the potential to reduce the fat content of food products. 
Emulsions were prepared by sonicating HFBII solution whilst sparging with air, creating 
hydrophobin coated air bubbles 1-100 µm in diameter. The HFBII stabilised air bubbles 
were then mixed with a previously prepared oil-water emulsion created with Tween-60, 
creating a three phase, air-oil-water emulsion with the air phase consisting of up to 30 % of 
the volume. The volume distribution of the three phase emulsion was measured over time 
and found to be stable over a 45 day period. The resulting HFBII stabilised emulsion was 
also more resistant to creaming when compared to an oil-water emulsion. The creation of 
stable liquid foams and emulsions using HFBII, without utilising a gelled or solid 
continuous phase, would allow food manufacturers to produce products with new textures, 
better storage stability and afford more control over the calorific density of products (Cox 
et al. 2008; Tchuenbou-Magaia et al. 2009). 
Hydrophobins are also factors for beer gushing, the undesirable phenomenon of 
spontaneous over foaming of a bottle of beer upon opening (Sarlin et al. 2005). Recent 
research has focussed on the mechanisms by which hydrophobins, which enter beer via 
fungally contaminated barley and malt, aggregate around carbon dioxide forming  
‘nano-bombs’ which expand when a beer is opened and hence depressurised, causing 
copious amounts of foam to erupt (Deckers et al. 2010; Shokribousjein et al. 2011).  
This section of the literature review has shown that biodegradable biosurfactants 
have the potential to replace traditionally used petrochemical and oleochemical surfactants 
in a range of applications, whilst also offering unique properties which can be exploited in 
a range of different fields such as bioremediation, drug delivery, stabilisation of aerated 
food structures and surface coatings. However one major barrier to the uptake of 
biosurfactants in general and specifically hydrophobins are the difficulties in their 
manufacture and the associated costs, particularly of downstream processing. These issues 
demonstrate the need for more research into bioprocesses for biosurfactant production, as 
presented in the experimental Chapters of this thesis. The next part of this literature review 
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presents an overview of the fermentation process and previous attempts at hydrophobin 
production by fermentation. 
2.2 Biosurfactant production by fermentation 
In this section background information on the origins of fermentation and 
theoretical descriptions of the fermentation process are given. A summary of previous 
HFBII production attempts is made, along with a discussion of the problems foaming poses 
to the development of fermentation processes for biosurfactant production. 
2.2.1 History of fermentation 
The utilisation of yeast fermentation in the production of alcoholic beverages began 
around 6000 years ago in Mesoptamia, the cradle of civilisation (Peppler and Perlman 
1979). Since this time the consumption of alcohol has been an important part of many 
societies and knowledge of the processes by which grain-water mixtures naturally ferment 
has been gathered. Early research on the nature of fermentation was carried out by Louis 
Pasteur (b.1822), who in 1857, identified that living microorganisms were involved in 
lactic acid fermentation in his paper ‘Mémoire sur la fermentation appelée lactique’ 
(Memoir on the fermentation of lactic acid) (Pasteur 1857).  
In 1857 Pasteur also identified the role of yeast in alcoholic fermentation  
(http://www.academie-sciences.fr/fondations/lp_bio.htm 2011). Since the link between 
fermentation process and living yeast organisms was made there have been significant 
technological advances and in the present day it is possible to biologically produce various 
molecules using fermentation. 
2.2.2 The fermentation process 
In the context of this thesis ‘fermentation’ refers to the conversion of glucose to 
ethanol by yeast and to the production of other molecules using a glucose substrate. In this 
section an overview of glucose metabolism and alcoholic fermentation is given. 
The glycolysis pathway describes the breakdown of glucose into pyruvate and is 
one of the best understood and most important metabolic pathways, through which the 
majority of energy used by most living organisms is provided (Voet et al. 2006). The 
whole pathway consists of ten enzymatic reactions from which two molecules of pyruvate, 
CH3COCOO-, and two adenosine triphosphate (ATP), a nucleotide which is an energy 
carrier, are generated from one glucose molecule. A description of the overall conversion 
is given in Equation 2.5.  
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Glucose	+	2NAD++ 2ADP+	2Pi
																										
                 
  2	pyruvate	+	2NADH	+	2ATP	+	2H2O	+	4H+ 
(2.5) 
 
where NAD+ is nicotinamide adenine dinucleotide , ADP is adenosine diphosphate, Pi is a 
free phosphate group, NADH is the reduced form of NAD+ and ATP is adenosine 
triphosphate. Equation 2.5 shows the production of pyruvate from glucose which requires 
the reduction of two NAD+ to NADH, producing energy carrying ATP. The individual 
reactions which constitute the glycolysis pathway are not described in further detail here. 
From Equation 2.5 it is apparent that a process to regenerate NADH to maintain a supply 
of NAD+ is required to keep the glycolysis pathway open, with the three main mechanisms 
by which pyruvate is utilised to produce more energy and NADH oxidised are shown in 
Figure 2.9.  
 
 
Figure 2.9 Three main routes of pyruvate metabolism 
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In the yeast Saccharomyces cerevisiae the pyruvate produced from glycolysis is 
generally either converted to ethanol and carbon dioxide by alcoholic fermentation or 
completely oxidised to carbon dioxide and water via another pathway known as the citric 
acid cycle. The exact process by which pyruvate is utilised and NAD+ regenerated is 
determined by the environment the microorganism is in, namely the oxygen and glucose 
levels in the case of S.cerevisiae. Under aerobic conditions respiration can occur, although 
this is not favoured in S.cerevisiae. Whilst in anaerobic or aerobic conditions where the 
glucose concentration in the growth medium is high alcoholic fermentation takes place in a 
two stage process, shown in Figure 2.10 (Voet et al. 2006). In step one pyruvate is 
decarboxylated in a reaction catalysed by the enzyme pyruvate decarboxylase, forming 
acetaldehyde and carbon dioxide. The second step in the process involves the reduction of 
acetaldehyde to ethanol by NADH, catalysed by alcohol dehydrogenase (Voet et al. 2006). 
This second step regenerates NAD+ for use in the glycolysis pathway in the production of 
more pyruvate.  
 
In the fermentations conducted in this research three distinct phases of behaviour 
are observed. The three Equations below summarise the various processes by which energy 
is released by the fermentation and oxidation of glucose and the oxidation of ethanol by 
S.cerevisiae. 
 
 C6H12O6 	
Fermentation
 	2C2H5OH+2CO2	+	Energy (2.6) 
 
 C6H12O6	+	6O2 	
Oxidation
 	6CO2+	6H2O + Energy (2.7) 
 
 C2H5OH	+	3O2 	
Oxidation
 	2CO2+	3H2O	+	Energy (2.8) 
 
These processes all take place at different times during the fermentations presented 
in the results Chapters of this thesis. Equation 2.6 summarises alcoholic fermentation and 
Equation 2.7 the oxidation of glucose. In the absence of glucose and other sugars  
Figure 2.10 Reaction steps in alcoholic fermentation 
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S. cerevisiae will consume ethanol, previously produced during alcoholic fermentation, as 
its carbon source, see Equation 2.8. A useful metric for determining the behaviour of 
fermentation processes is the respiratory quotient (RQ) given in Equation 2.9.  
 
 RQ =   carbon dioxide production rate
oxygen consumption rate  = 
rCO2
rO2
 (2.9) 
 
RQ characterises the state of the cell population in the fermenter and gives an 
indication of the microorganism’s metabolic behaviour. During the batch stage of the 
fermentations presented in Chapters 5 and 6, glucose is consumed by the microorganism 
and ethanol is produced with RQ > 1, indicating that oxygen uptake is low and 
fermentation of glucose is occurring. RQ < 1 indicates that the fermentative carbon source 
is depleted and that ethanol oxidation predominates. When RQ = 1 glucose oxidation is 
taking place. These RQ values can be inferred from the reaction stoichiometry outlined in 
Equations 2.6, 2.7 and 2.8. For example Equation 2.6 shows that during glucose 
fermentation the rate of oxygen consumption is ideally zero and two molecules of carbon 
dioxide are produced per glucose molecule. Using the RQ definition stated in Equation 2.9 
it is apparent that for this reaction theoretically RQ tends to infinity i.e. RQ >> 1. In a 
practical sense large RQ values are taken as an indication that alcoholic fermentation is 
occurring. 
2.2.3 HFBII production by fermentation 
 At present there is little literature concerning the production of hydrophobin 
proteins in general and HFBII in particular. Hydrophobin production has mostly been 
achieved by fungal fermentation, either with wild type strains or strains modified to 
increase protein expression (Askolin et al. 2001; Bailey et al. 2002). There are also some 
examples where hydrophobins have been expressed in non-native organisms, such as the 
production of a fusion protein consisting of the Class I hydrophobin DewA, see Table 2.2, 
and the protein yaaD from Bacillus subtilis in E.coli (Wohlleben et al. 2009).  
The majority of the literature regarding HFBII cites VTT Biotechnology (FI) as the 
supplier of hydrophobin for experimental work; see Blijdenstein et al. (2010), Cox et al. 
(2007a), Cox et al. (2008) and Lumsdon et al. (2005). Bailey et al. (2002) report the HFBII 
production methodology used by VTT Biotechnology, where HFBII is produced in a 20 L 
fermenter vessel of 15 L working volume, using an overproducing strain of T. reesei. The 
strain, VTT D-99745, contains an endogenous copy of the hfb2 gene as well as three extra, 
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inserted copies (Bailey et al. 2002). HFBII production was achieved using the modified 
strain and a lactose medium. A HFBII production of 240 mg L-1 is reported by Bailey et al. 
(2002) and it is noted that the amount of antifoam added to the culture was related to the 
HFBII production, evidence that HFBII was a major cause of foaming. In fermentations 
where dissolved oxygen control was achieved by varying the agitation rate additions of up 
to 24 mL L-1 of antifoam, Struktol J633, were required to control foaming at a final HFBII 
concentration of 100 mg L-1. To achieve a HFBII production of 240 mg L-1 foam 
generation and hence the antifoam requirement were reduced by oxygen enrichment of the 
sparged air. Oxygen enrichment limited the vessel agitation rate to approximately 400 rpm 
and reduced the required antifoam dosing to 2.5 mL L-1, a factor of ten compared to 
cultivations without oxygen enrichment (Bailey et al. 2002).  
In contrast to the fungal fermentation route adopted by VTT Biotechnology, HFBII 
production in the experimental work presented in this thesis was carried out using a 
genetically modified strain of S. cerevisiae which contains multiple copies of the hfb2 
gene. Fed batch fermentations of glucose were carried out following a procedure 
developed by Unilever. Overall HFBII concentrations at the end of fermentations in the 
range of 200-400 mg L-1 are possible in fermentations with antifoam. Foaming presents a 
significant practical complication, although antifoam, Struktol J647, was added to the 
fermentation media. The complete fermentation methodology is given in Chapter 3, 
Section 3.7 and further details of the fermentation protocol developed by Unilever for 
heterologous protein expression can be found in van de Laar et al. (2007). 
2.2.4 Foam generation and control in fermenters 
Foaming is an important consideration in all fermentation processes, from 
laboratory to an industrial scale, and especially so in the case of extracellular biosurfactant 
production. Foaming in fermentations is undesirable due to the disruption it causes, 
including carryover of fermentation broth with the off gas and difficulties with process 
control (Etoc et al. 2006). When considering process scale up the economy of the chosen 
foam control method, typically chemical antifoams, and the volume of foaming which can 
be tolerated must be considered.  
A relatively recent review by Junker (2007) provides a thorough discussion of the 
causes of foaming during fermentations and the use of chemical antifoams to control 
foaming. Foam is generated in the fermenter vessel due to the presence of surface active 
species in components of the fermentation media and also those produced during the 
fermentation by the microorganism. Foaming which occurs at the start of fermentations is 
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generally attributable to surface active components of the growth media, whereas if the 
amount of foaming increases throughout a fermentation the likely cause is proteins and 
other compounds excreted by the cell population into the fermentation broth (Junker 2007). 
In biosurfactant producing fermentations it is the latter which is usually the source of 
significant foaming. Fermentation operating conditions have a large influence on foam 
generation rates, with the gas flowrate and amount of agitation required to provide oxygen 
mass transfer according to the biological oxygen demand of the microorganism also 
determining the foam generation rate.  
Foam suppression is commonly achieved using chemical antifoams, which are 
typically comprised of silicone oils and silicone emulsions (Junker 2007). These antifoams 
function by disrupting the stability of the liquid films in the foam, increasing the rate at 
which liquid drains from them and promoting foam collapse (Garrett 1993; Miller 2008). 
The use of chemical antifoams is undesirable in the production of biosurfactants where the 
presence of antifoam in the final product could have a detrimental effect on performance. 
For this reason there is an interest in utilising foaming in biosurfactant fermentation 
systems through the application of foam separation techniques (Chen et al. 2006a). 
The information presented in this section of the literature review is relevant to the 
experimental fermentation work contained in Chapters 5 and 6 of this thesis. Literature 
concerning the utilisation of foaming in fermentation systems for in situ biosurfactant 
recovery as a way of making a virtue of a common practical fermentation issue is 
discussed in Section 2.4. The RQ characterisation outlined here in Section 2.2.2 is applied 
in Chapter 6 to compare performance of fermentations with an integrated foam 
fractionation process to that of fermentations without foam fractionation. 
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2.3 Foam separation techniques 
In this part of the literature review a description of foam is given and the family of 
foam separation processes discussed. Foam fractionation, an adsorptive bubble separation 
method, is described in detail and compared to other separation techniques which rely on 
surface activity to achieve separation.  
2.3.1 Foam 
Liquid foams are encountered in many everyday situations, being present in 
consumer products such as shaving creams and beer. Common examples of other types of 
foam include solid foams such as bread, natural sponge and polyurethane foam used in 
furnishings (Vaz 2008; Weaire and Hutzler 1999). Aqueous foams are a two phase system 
in which gas is dispersed as bubbles throughout a continuous liquid matrix (Weaire and 
Hutzler 1999; Narsimhan and Wang 2006). These gas bubbles are contained by thin liquid 
films which are stabilised by the presence of surfactant molecules through a reduction in 
the surface tension of the film and the Marangoni effect. Films are interconnected at their 
meeting points via Plateau borders, forming an interconnected network of “channels” 
through the foam. The shape of bubbles in the foam and the behaviour of the foam are 
determined by the wetness of the foam, the amount of liquid entrained within it.  
Foams are an example of minimum surface structures, with single soap films 
created between a wire frame being an example of surfaces of zero mean curvature and 
hence of minimal surface (Weaire and Hutzler 1999; Brown et al. 1999). These soap film 
surfaces are useful as they illustrate solutions to Plateau’s problem, which is concerned 
with finding a surface of minimal area that spans a given contour in space. The structure of 
particular foam varies depending on the liquid fraction the foam contains. Wet foam 
consists of approximately spherical bubbles, separated by thick liquid films. In the limit of 
perfectly spherical, monodisperse and close packed gas bubbles the gas fraction is 
approximately 0.74. This results from the geometry of the foam and is mathematically 
stated by Keplers conjecture, a problem studied by the mathematician Carl Gauss (Weaire 
and Hutzler 1999). In dry foams with a liquid fraction of 1-2 % polyhedral gas cells are 
separated by thin liquid films named ‘lamellae’. Lamellae intersect to form Plateau borders 
at angles of 120˚ forming smooth connections. This angle is a consequence of the required 
equilibrium of forces acting at the intersection due to surface tension of the lamellae. 
Plateau borders meet to form vertices at angles of 109.47° (Vaz 2008). Figure 2.11 shows 
the structure of a dry, polyhedral foam cell. 
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Foam structure has been an active field of research since Kelvin proposed the Kelvin cell, a 
tetrakaidecahedron with curved faces, in 1887 from his mathematical investigation of the 
division of space with ‘minimum partitioned area’ i.e. a search for a unit cell with the 
lowest surface area. More recently the Weaire-Phelan structure was proposed as an 
alternative to the Kelvin structure. This foam structure was used by the architects who 
designed the Water Cube, the aquatics centre built for the Beijing Olympic Games, where 
the beams in the structure represent the Plateau borders of the Weaire-Phelan foam 
structure (Weaire 2009).  
The equilibrium of foams is governed by the Young-Laplace equation, Equation 
2.10, which states the radius of a foam bubble with two surfaces is inversely proportional 
to the pressure difference across its surface (Vaz 2008). 
 
 ∆P	=	4
γ
r
 (2.10) 
 
where ∆P is the pressure difference across the lamella, γ is the surface tension and r is the 
bubble radius. The Young-Laplace equation shows that bubbles with a small radius have a 
higher internal bubble pressure than those of larger radius. This pressure difference 
between different size bubbles is what causes disproportionation, the growth of large 
bubbles at the expense of small bubbles due to gas diffusion across the pressure gradient. 
Figure 2.11 Structure of a polyhedral foam cell 
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2.3.2 Foam fractionation 
Foam Fractionation is an adsorptive bubble separation method which is used to 
enrich and partially separate solutions of surface active species (Jashnani and Lemlich 
1973; Lemlich 1968a). Figure 2.12, adapted from Perry and Green (1997) illustrates the 
family of adsorptive bubble separation methods, which can be split into foaming and non-
foaming techniques. The foam based separation techniques are comprised of foam 
fractionation and a variety of flotation methods. Froth floatation separation techniques are 
used in the mining industry for the separation of mineral ores. The use of foam 
fractionation in enriching the surface active products of bioprocesses, i.e. proteins and 
biosurfactants expressed during fermentations of cell cultures, is attractive as the method is 
well suited to recovering material from low concentration, high volume systems (Perry and 
Green 1997).  
Figure 2.12 Family of adsorptive bubble separation methods 
Chapter 2  Literature Review 
49 
 
In a simple, batch foam fractionation process an inert gas, such as air or nitrogen is sparged 
through a reservoir of solution containing the surface active species which are to be 
separated. As the gas bubbles rise through the liquid pool surface active molecules adsorb 
to the liquid gas interface reducing the surface tension, until the bubble surface becomes 
fully covered with a monolayer of active species, see Section 2.1.1. At the top surface of 
the reservoir foam, which is richer in the adsorbed species than the liquid in the reservoir, 
is formed which constantly overflows from the top of the system. As the foam rises up the 
column the drainage occurs and the liquid fraction of the foam equilibrates. At the top of 
the column overflowing foam is collapsed, using some sort of foam breaker, and an 
enriched liquid known as foamate is obtained. It is also possible to run foam fractionation 
as a continuous process and incorporate reflux of foamate back into the foam to increase 
overall enrichment (Lemlich 1968a, b). 
In batch foam fractionation processes foaming stops when the surfactant 
concentration in the reservoir falls below the foaming concentration, representing a hard 
limit on the separation efficiency. Foam fractionation can also be run continuously, with 
two of the modes of operation shown in Figure 2.13, adapted from Lemlich (1968a). In 
simple mode feed is introduced at the bottom of the foam column, and bottoms and 
foamate are continuously collected. If feed is introduced part way up the foam column, the 
operation is referred to as stripping mode. In stripping mode the composition of the 
interstitial liquid in the foam is altered, with the rising liquid at the same surfactant 
concentration as the reservoir being replaced with downcoming liquid at the feed surfactant 
concentration. The counter current flow in stripping mode leads to improved surfactant 
recovery, with a lower surfactant concentration in the bottoms (Lemlich 1968a, b). 
Mass balances on the simple and stripping modes of operation yield Equations 2.11 
and 2.12, assuming no bubble coalescence occurs (Darton et al. 2004; Lemlich 1968b). 
 
Simple Mode: Cf	=	Cb	+	
QASΓb
Qf
 (2.11) 
 
where Cf is the foamate surfactant concentration, Cb the bottoms surfactant concentration, 
QA the volumetric air flowrate, Qf the volumetric foamate flowrate, S the surface area to 
volume ratio, Γb the surface excess in equilibrium with the bottoms surfactant 
Stripping Mode: Cf	=	Cb	+	
QASΓf
Qf
 (2.12) 
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concentration and Γf the surface excess in equilibrium with the foamate surfactant 
concentration. In the case of spherical bubbles S is equal to 6/d where d is the bubble 
diameter. It is seen from Equations 2.11 and 2.12 that operation in stripping mode 
increases the foamate surfactant concentration due to the higher surfactant surface 
coverage of bubbles which are in equilibrium with the feed stream, by definition richer in 
surface active species than the bottoms. 
 
Some useful metrics for the assessment of foam fractionation performance are given in 
Equations 2.13 and 2.14 (Davis et al. 2001; Sarachat et al. 2010). Enrichment is defined as 
the ratio of the concentration of surface active species of interest in the foamate to that in 
the bulk feed solution and recovery the percentage of surface active species initially 
present in the total feed volume which are carried into the foamate (Davis et al. 2001). 
 
 Enrichment	=	
Cf
Ci
 (2.13) 
 
 Recovery =
CfVf
CiVi
× 100 = 
CiVi	-	CrVr
CiVi
×100  (2.14) 
 
where Cf is the biosurfactant concentration in the foamate, Ci is the initial biosurfactant 
concentration (in the starting solution or feed), Cr is the remaining biosurfactant 
Figure 2.13 Two modes of continuous foam fractionation operation 
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concentration, Vf is the volume of foamate collected, Vi is the initial liquid volume or total 
feed volume and Vr is the remaining volume. 
The use of many different foam fractionation arrangements is reported in the 
literature for enrichment and recovery of a range of surfactant solutions. Darton et al. 
(2004) developed a multistage foam fractionation column, with internal risers and baffles 
much like the column internals of a distillation column. In each stage previously foamed 
material is collapsed and re-foamed with weirs controlling the reflux of liquid. With the 
resulting apparatus it is possible to vary the point at which feed is added, creating stripping 
and rectifying sections. In their experiments with the multistage column Darton et al. 
(2004) ran in batch mode using the non-ionic surfactant Triton X-100 and in separate 
experiments salicylic acid was recovered using foam fractionation and extraction with 
cetylpyridinium chloride (CPC). The salicylic acid formed an ion pair with the surface 
active CPC and partitioned into the foam phase when the CPC adsorbed. A reduction in the 
salicylic acid concentration in the liquid reservoir by a factor of ten was achieved.  
Other separation techniques which exploit the affinity of surface active molecules 
in order to separate them include methods such as automated surface enrichment, reported 
by Glazyrina et al. (2008). This surface enrichment process is based on a change in 
interfacial surface area, which is used to increase the surface concentration of absorbed 
surfactant molecules after which the enriched surface layer is skimmed off (Glazyrina et al. 
2008). 
In this section of the literature review gas-liquid foams were introduced and the use 
of foam based separation techniques discussed. From the family of adsorptive bubble 
separation methods the potential of foam fractionation for the in situ primary recovery of 
biosurfactants was identified. Other separation techniques which rely on the surface 
activity of biosurfactants were also discussed. The results of foam fractionation 
experiments are presented in Chapter 4, Section 4.4 of this thesis. In the next part of this 
review a summary of previous reports of the ultilisation of foam fractionation for the 
enrichment of biosurfactant solutions and the recovery of biosurfactant from fermenters is 
presented.  
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2.4 Foam separation of biosurfactants 
Different methods for utilising the foaming which occurs during extracellular 
biosurfactant production, as outlined in Section 2.2.3, are summarised in this part of the 
literature review. All of the methods discussed involve the application of foam 
fractionation, as described in Section 2.3.2, for the in situ recovery of various 
biosurfactants from fermenters. A brief description of the foam fractionation process and 
some useful metrics used to assess process performance are given here as a reminder. 
Foam fractionation is a method for enriching solutions of surface active species. 
Gas is sparged through a surfactant solution creating new gas liquid interface onto which 
the surface active molecules adsorb and stabilise, generating a rising foam whose liquid 
fraction reduces over time. Overflowing foam is collapsed to recover the adsorbed 
surfactant in a reduced volume, an enriched liquid known as foamate being obtained. The 
performance of foam fractionation can be evaluated using two parameters, surfactant 
enrichment and recovery, defined in Equations 2.13 and 2.14. 
The use of foam fractionation to separate extracellular biosurfactant from culture 
broth has the potential to reduce the cost of downstream processing which currently 
contributes approximately 60 % to the total cost of biosurfactant production (Mukherjee et 
al. 2006). The barrier production costs present to the wider application of biosurfactants 
was discussed in Section 2.1.2. Foam fractionation can be applied either as a downstream 
unit operation or as an integrated process for in situ recovery. The application of both these 
separation strategies is discussed below. 
The suitability of foam fractionation for biosurfactant separation is demonstrated by 
Sarachat et al. (2010), who used a batch foam fractionation process to enrich rhamnolipid 
present in cell free culture broth. Small volumes of solution containing 326 mg L-1 of 
rhamnolipid from Pseudomonas aeruginosa SP4 were foamed in a 30mm internal diameter 
column of variable height. An investigation into the effects of operating conditions, such as 
air flow rate and bubble size, on separation efficiency found that for a given column height 
increasing the air flow rate increased the recovery of rhamnolipid whilst reducing the 
enrichment. Low enrichments in the range 1.03 - 4.44 and corresponding recoveries of 
93.86 - 77.03 % were reported by Sarachat et al. (2010) across the operating conditions 
studied. 
Batch foam fractionation has also been used to enrich solutions of surfactin, a 
cyclic heptapeptide produced by Bacillus subtilis. Davis et al. (2001) conducted foaming 
experiments using both cell free and cell containing broth with an initial surfactin 
concentration of 440 mg L-1, achieving low enrichments of 2.9 and 1.7 respectively, at 
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recoveries of 97.1 % and 97.3 %. The batch foam fractionation processes studied by 
Sarachat et al. (2010) and Davis et al. (2001) both yielded high recoveries, at the expense 
of low enrichments. Davis et al. (2001) went on to implement in situ recovery of surfactin, 
using a 25 × 400 mm foam column which was inserted through the vessel headplate and 
positioned such that the top bottom of the column was 50 mm above the broth surface. 
Surfactin was produced in batch culture by B. subtilis ATCC 21332 under oxygen depleted 
conditions, allowing the stirrer speed to be chosen to control foam formation at a fixed 
aeration rate. Integrated foam recovery was most effective at a stirrer speed of 146 rpm 
with an enrichment of 34 at 90 % surfactin recovery. The integrated process has the added 
benefit of enrichments increased over those obtained from batch foam fractionation, which 
are likely due to the agitation of the culture broth affecting foaming conditions, such as 
bubble size, as well as the lower surfactin concentration attained in the bioreactor. It would 
be expected that changing the stirrer speed will alter gas bubble break up and hence bubble 
size, which in turn will effect foam wetness and hence surfactin enrichment. Indeed it is 
reported by Davis et al. (2001) that at higher stirrer speeds of 204 and 269 rpm “excessive” 
foaming occurred which both reduced surfactin enrichment, due to the high liquid content 
of the foam, and productivity.  
Integrated foam fractionation for the recovery of surfactin from a batch production 
process was further investigated by Chen et al. (2006a), who report surfactin recovery and 
enrichment values that are similar to those of Davis et al. (2001), which is expected as the 
apparatus and mode of operation are also similar, i.e. foam column penetrating the vessel 
headplate. Other work by Chen et al. (2006b) shows the same integrated surfactin 
production and foam separation strategy applied to a chemostat operated at a dilution rate 
of 0.2 hr-1. With foam fractionation a low steady state surfactin concentration of 18 mg L-1 
was reached in the bioreactor with 929 mg L-1 surfactin in the collapsed foamate, an 
enrichment of 50. It is noted that the surfactin concentration in the vessel was maintained 
below the CMC with the possibility that other proteins in the culture broth contributed to 
stable foam generation, allowing surfactin to partition into the foam phase. As the surfactin 
production and removal rates were not matched with the design of apparatus used not all 
surfactin produced was collected giving a low recovery of 28.7 % meaning the need to 
separate surfactin from outlet stream with remained.  
The low steady state product concentrations in the fermenter which have been made 
possible by foam separation have further use in cases where product inhibition or 
degradation occurs, limiting production efficiency. Nisin is an antimicrobial peptide which 
can be produced from fermentations of Lactococcus lactis subsp. lactis ATCC 11454 
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whose production is hindered by the breakdown of cellulase by proteases acting in acidic 
conditions (Liu et al. 2010). Liu et al. (2010) integrated the Lactococcus lactis nisin 
production mechanism with foam fractionation to increase the productivity of 
fermentations by 30.3 % through the reduction of product degradation. Aeration was 
started part way through the fermentation to generate foam and remove the nisin produced. 
Foaming was shown to increase the specific productivity compared to a control 
fermentation which was not aerated (foamed), although the recovery of nisin was only 
11 %, with the presence of the hydrophobin HFBII contributing to foaming due to the high 
surface activity of the protein. It is apparent that separation of biosurfactant in situ with 
foam fractionation reduces the biosurfactant concentration in the fermenter, which in turn 
can prevent nuisance foaming and minimise product inhibition, a summary of the salient 
results from each of the papers discussed is in Table 2.6. It is noted from the examples 
given that the study of biosurfactant foam recovery from fermenters has so far been limited 
to small laboratory scale fermentations of no more than 1 L working volume. 
The invention and development of a novel, second generation, integrated 
biosurfactant and foam fraction process for in situ recovery of HFBII is presented in 
Chapter 6. The analysis applied here to previous biosurfactant foam separations is 
extended to this experimental work to illustrate the differences in the new process. 
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3 Materials and Methods
3.1 Introduction
The experimental methods used in all practical work reported in this thesis are 
presented in this Chapter, including fermentation methodology and sample preparation 
procedures. Analytical methods are also described and background theoretical information 
given where appropriate. Results from experimental work are presented in 
and 6, where brief summaries of the relevant experimental methods are given.
3.2 Surface tension measurements
3.2.1 Equilibrium surface tension
The equilibrium
using a Krüss K100 tensiometer (Krüss, DE), fitted with a roughened platinum Wilhelmy 
plate of dimensions 19.9 × 10 × 0.2 mm (width × height × thickness). Surface tension was 
determined by accurate measurement of the force acting on the static wetted plate, 
vertically suspended in the solution of interest. A diagram of a Wilhelmy plate is shown in 
Figure 3.1.  
Figure 
 
 
 
 
 
 surface tension of antifoam free fermentation broth
3.1 A Wilhelmy plate at the air-water interface
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A force balance on the plate yields Equation 3.1;  
 
Force = weight – buoyancy + surface tension force 
 F =	(ρplwt)g		–	(ρlhwt)g	+	2(w+t)γ cos θ (3.1) 
 
where ρp and ρl are the density of the plate and liquid respectively, w, l and t are the 
dimensions of the plate, h is the wetted height of the plate (see Figure 3.1), γ is the surface 
tension and θ the contact angle. Equation 3.1 can be simplified subject to the following 
assumptions are made; 
 
1. The force reading is zeroed before measurements are taken 
2. The plate is always kept at a constant level by the balance 
3. The plate is optimally wetted such that the contact angle (θ) is zero  
 
By assumptions 1 and 2 the weight and buoyancy terms may be eliminated from Equation 
3.1. Assumption 3 is satisfied by using a roughened plate and introduces a factor of unity 
yielding Equation 3.2. 
 
 F	=	2(w+ t)γ	=	pγ (3.2) 
 
Equation 3.2 shows that surface tension is related to the force measurement by the wetted 
perimeter (p) which is simply determined from the dimensions of the Wilhelmy plate. A 
simple re-arrangement yields Equation 3.3 (Adamson and Gast 1997). 
 
 γ	=	
F
p
 (3.3) 
 
It is obvious from Equation 3.3 that calculating the surface tension from the direct 
measurement of the net force acting on the Wilhelmy plate is trivial. For equilibrium 
surface tension measurements the control software automatically converted the measured 
force acting on the plate into a surface tension value. 
To avoid contamination of samples the Wilhelmy plate was cleaned by flaming 
before each surface tension measurement. The plate was then fitted to the tensiometer and 
allowed to cool before surface tension measurements were made. Measurement was 
controlled automatically by the LabDesk control software (Krüss, DE) which was 
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programmed to raise the sample stage to the Wilhelmy plate and position the plate at the 
air-water interface. All equilibrium surface tension measurements were taken at a 
temperature of 20±1°C. The endpoint of each measurement was automatically detected by 
the LabDesk software, set to terminate measurement either after 1200 seconds had elapsed 
or to the point at which the standard deviation of ten successive measurements was less 
than 0.03. These criteria are the same as those used by Cox et al. (2007a) in their 
equilibrium surface tension measurement of pure solutions of HFBII. The equilibrium 
surface tension measurements of HFBII fermentation broth presented in Chapter 4, Section 
4.2.1 were conducted at Unilever R&D, Colworth, UK with the same apparatus used by 
Cox et al. (2007a).  
3.2.2 Dynamic surface tension 
Two methods were used to measure the dynamic surface tension of HFBII 
fermentation broth; the pendant drop method and the maximum bubble pressure method. 
The two different methods were used to gain as much information about the adsorption of 
HFBII to the air-water interface in the presence of other, predominantly lower molecular 
weight, surfactants as possible. The methods used differ in that the pendant drop method 
involves the diffusion of molecules to the surface of a droplet, whilst the maximum bubble 
pressure method involves diffusion of surface active molecules from the bulk to an air 
bubble formed in a reservoir of solution.  
3.2.2.1 Pendant drop method 
A First Ten Angstroms FTÅ 200 digital video goniometer (FTÅ, UK) was used to 
measure the dynamic surface tension of HFBII fermentation broth by pendant drop shape 
analysis. The FTÅ 200 consists of an automatic syringe pump, a Sanyo VCB 3512T 
charged-couple device (CCD) fitted with a Navitar 6000 high magnification lens and a 
backlight all fixed to a metal base plate. The whole experimental setup was mounted on a 
vibration free table (Halcyonics, DE) to prevent external disturbances from interfering with 
droplet formation and evolution. The apparatus was controlled using the FTÅ 32 software 
package supplied with the instrument, which was capable of automating pumping rate, 
lighting and camera triggering. Hanging droplets of known volume were formed at the end 
of a 20 gauge blunt ended needle, outer diameter 0.9081 mm, by dispensing solution from 
a Becton Dickinson 10 cc syringe (Fisher Scientific, UK). Once formed a sequence of high 
contrast images of the backlit droplet were captured and the dynamic surface tension 
determined by the fitting of the Young-Laplace equation to the droplet silhouette in each 
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image. Fitting was automatically carried out by the FTÅ software, using a drop shape 
analysis algorithm to calculate the surface tension. 
The instrument was calibrated by setting a magnification factor, nm pixel-1, based 
on the measured surface tension of pure water, obtained from a Fistreem Cyclon system 
equipped with a pre-deioniser (Fistreem, UK). Calibration was carried out in two steps; 
first a single image of a 150 µL droplet of pure water was captured and a calibration factor 
calculated based on the difference between the measured and actual width of the needle tip. 
Next the calibration was refined based on the known surface tension of the water droplet. 
Magnification was set to give a surface tension of 72.9 mN m-1 at 20°C and a needle tip 
width within one percent of the actual value. To check the accuracy of the calibration five 
images of a 150 µL water droplet were captured, each spaced 0.5 seconds apart, and the 
surface tension determined. The calibration was accepted if the average surface tension 
was in agreement with the standard value of 72.9 mN m-1 for pure water at 20°C (Adamson 
and Gast 1997) and the variance between the images was less than one percent. A 
calibrated image of a water droplet is shown in Figure 3.2 where the construction lines 
show the fitted curve and measured linear needle tip width. The reported values of pendant 
volume and pendant area shown in Figure 3.2 have units of μL and mm2 respectively. 
For HFBII fermentation broth dynamic surface tension measurements the needle tip 
was positioned inside a cuvette which contained a few drops of ultrapure water to reduce 
evaporation from the drop. HFBII fermentation broth samples were sonicated in an 
ultrasonic bath (Ultrawave, UK) for five minutes prior to use. Fermentation broth was then 
transferred to a syringe and 100 µL droplets dispensed at a rate of 25 µL s-1. Images of the 
Construction 
lines 
Needle tip 
Figure 3.2 A suspended pendant drop of pure water showing construction lines 
Pendant drop 
Chapter 3  Materials and Methods 
 
60 
 
fermentation broth droplets were captured over a period of one hour, with the control 
software automatically triggering the camera immediately after pumping ceased and 
conducting surface tension analysis. The pendant drop method was used to measure the 
dynamic surface tension of HFBII fermentation broth produced at The University of 
Manchester, UK, and Unilever R&D, Vlaardingen, NL, see Chapter 5, as well as the 
surface tension of foamate and bottoms samples from foam fractionation experiments, see 
Chapter 4, Section 4.4. 
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3.2.2.2 Maximum bubble pressure method
A Sita Science Line t60 tensiometer (
dynamic surface tension with the maximum bubble pressure method. The tensiomet
consisted of a control unit and an air pump capable of blowing air through a capillary. To 
measure dynamic surface tension the capillary was submerged to a depth of approximately 
20 mm in 50 mL of the solution of interest. Bubbles were then generated in
passing air through the capillary. Bubbles with lifetimes in the range 30
created. Surfactant molecules adsorbed to the fresh bubble surface as it aged, lowering the 
surface tension. Measurements were non
meaning consecutive data points were a factor of 1.15 apart temporally. As bubbles were 
formed the tensiometer measured the pressure in the capillary, which is equal to the 
internal bubble pressure.
The evolution of an air bubble at the end of a capillary is shown in 
shape of the bubble protruding from the capillary is always a section of a sphere. The start 
of bubble formation is illustrated in 
the radius of the capillary and the bubble pressure increases with bubble volume. The 
radius of the bubble goes through a minimum at the point a
hemispherical. At this point, shown in 
capillary radius and the bubble pressure at a maximum 
air is supplied to the bubble it continues to grow, with the bubbl
that of the capillary and the bubble pressure decreasing. The speed of bubble growth is 
determined by the air flowrate, thus by varying the air flowrate bubbles of different 
lifetimes are generated.
Figure 3.3 Stages of bubble formation at the end of a capillary during dynamic surface 
tension measurement using the maximum bubble pressure method
 
 
SITA Messtechnik, DE) was used to measure 
-linearly spaced in time with a step size of 1.15, 
 
Figure 3.3(a). Here the bubble radius is greater than 
Figure 3.3(b), the bubble radius is equal to the 
(Adamson and Gast 1997)
e radius now greater than 
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 the solution by 
 ms – 60 s were 
Figure 3.3. The 
t which it becomes 
. As more 
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The tensiometer records the maximum bubble pressure attained during the growth 
of a given bubble. By the argument above the radius of the bubble at maximum pressure is 
known, allowing the dynamic surface tension to be calculated using the Young-Laplace 
equation, Equation 3.4; 
 
 γ	=	
(P
max
−	Ph	)rc
2  
(3.4) 
 
where γ is the surface tension, Pmax is the maximum bubble pressure, Ph is the pressure 
external to the bubble, exerted by the hydrostatic head, h, and rc is the inner radius of the 
capillary. All dynamic surface tension measurements made by the maximum bubble 
pressure method were repeated in triplicate and the capillary was cleaned with distilled 
water, purified with an Elga Option 3 Water purifier (ELGA, UK), between experiments at 
different surfactant concentrations. The results of maximum bubble pressure experiments 
are presented in Chapter 4, Section 4.2.2.2, where the dynamic surface tension of a range 
of dilutions of HFBII fermentation broth are shown.  
3.3 Surface pressure – area isotherms 
Surface pressure-area (π-A) isotherms of both stearic (octadecanoic) acid and 
HFBII fermentation broth were obtained using a NIMA 302LL Langmuir trough 
(Coventry, UK) with an area of 300 cm2. The trough was constructed from 
Polytetrafluoroethylene (PTFE) and equipped with two computer-controlled, movable 
barriers giving symmetrical monolayer compression. To prevent contamination of the 
subphase the trough was housed in a dust free case and mounted on a Halcyonics active 
vibration isolation table (Halcyonics, DE) to minimise the risk of film disruption. Surface 
pressure readings were obtained using a paper Wilhelmy plate, attached to a sensitive force 
balance. The Wilhelmy plate was suspended in such a way that it was wetted by the 
subphase. Surface pressure was then determined by direct measurement of the force acting 
on the plate in a similar manner to that outlined in Section 3.2.1. Surface pressure is 
defined as the difference in surface tension between a pure liquid surface (subphase) and 
that when the liquid surface is covered by a film of surface active molecules (Jones 1999; 
Adamson and Gast 1997), see Equation 3.5. 
 
 
π = γ0 −  γ (3.5) 
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where γ0 is the surface tension of the pure subphase and γ is that of the film covered 
surface. 
Before use the trough was cleaned by wiping with a surfactant-free ‘Kimwipe’ 
tissue (Fisher Scientific, UK) soaked in chloroform (HPLC grade, Fisher Scientific, UK) 
and allowed to dry. Pure water, γ0 = 72.9 mN m-1 at 20°C (Adamson and Gast 1997) was 
obtained using a Fistreem Cyclon system with a pre-deioniser (Fistreem, UK) and used as 
the subphase. To reduce the risk of contaminating the subphase all glassware used in 
surface film characterisation experiments was cleaned with a solution of ammonium 
persulphate in 98% sulphuric acid (APS) and rinsed with double distilled water before 
being oven dried at 65°C overnight before use. The subphase was maintained at 25°C 
during monolayer compression by circulating thermostated water through the base of the 
trough. Before each run surface cleanliness was ensured by fully closing the barriers and 
aspirating the surface of the subphase to remove any contaminants. After obtaining a clean 
surface, i.e. a surface tension of 72.9 mN m-1, the force reading was tared, setting 
72.9 mN m-1 as zero surface pressure. 
Stearic acid was prepared for spreading onto the subphase by dissolving in 
chloroform to a concentration of 0.983 mg mL-1. This stearic acid solution was spread 
evenly over the air-water interface using a 100 µL Hamilton microliter 800 series syringe 
(Fisher Scientific, UK), with 35 µL of solution being deposited. Compression of the 
monolayer was initiated once the surface pressure had returned to 0 mN m-1, i.e. after the 
spreading solvent had evaporated. For repeat experiments equilibration time was kept 
constant at 20 minutes. A barrier speed of 10 cm2 min-1 was used which gave a monolayer 
compression rate of 6.9 Å2 molecule-1 min-1. 
HFBII fermentation broth π-A isotherms were formed on a 1 mM acetate buffer 
subphase, pH 5, with 30 µL of 2 g L-1 HFBII fermentation broth spread onto the subphase. 
After spreading the surface was allowed to equilibrate for 20 minutes before the monolayer 
was compressed at rate of 9.6 Å2 molecule-1 min-1. Each monolayer compression was 
repeated three times to check the repeatability of results and to allow any spurious results 
to be identified. The surface pressure-area isotherms obtained for stearic acid and HFBII 
fermentation broth are presented in Chapter 4, Section 4.2.4. 
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3.4 Foam stability 
The stability of HFBII fermentation broth foams was investigated by visually 
observing foam degradation over time and using multiple light scattering. The foam 
generation method described in Section 3.4.1 was used to limit the initial variation in foam 
samples and ensure the reproducibility of results. 
3.4.1 Foam generation 
HFBII fermentation broth was foamed using a standardised protocol designed to 
produce consistently aerated foam samples for further study. The protocol used was 
developed by Unilever as reported by Cox et al. (2008) and Blijdenstein et al. (2010). 
Foams were generated by aerating 75 mL of HFBII fermentation broth with a handheld 
electric mixer (IKEA, UK), with a circular whisk rotor attachment of the type used for 
aerating milk during coffee preparation. The fermentation broth was aerated in a 200 mL 
glass beaker to a final volume of approximately 150 mL, i.e. an overrun of 100 %, over 
four minutes. Generally the foams made in this way were uniform with fine air bubbles. 
After generation foam was transferred to cylindrical glass vials, 70 × 28 mm (H × D), 
which held approximately 30 mL of foam, and used as required.  
3.4.2 Multiple Light Scattering 
The transmission and backscattering of light from foam samples was measured 
using a Turbiscan (Fullbrook Systems, UK) which recorded the transmission of light at 
180° from the incident and backscattering of light at 45° from the incident through a foam 
sample contained in a glass vial. All light scattering measurements were taken over the full 
50 mm height of the foam sample so that the drainage of liquid from bulk of the foam to 
the bottom of the sample and any creaming of large air bubbles towards the top of the 
sample could be observed. The duration of experiments and the scanning frequency was 
varied using the Turbiscan LAb software. 
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3.5 Forced foam drainage
The liquid drainage characteristics of foam made from solutions of c
chloride (CPC) or H
forced drainage experiments, as previously reported 
et al. (1993) using the apparatus shown in 
 
Figure 
 
 
FBII fermentation broth were investigated by conducting simple 
by Neethling et al. 
Figure 3.4. 
 
3.4 Forced foam drainage apparatus 
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etylpyridinium 
(2002) and Weaire 
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Foam was generated in a cylindrical glass column of exposed height, H, 300 mm 
and diameter, D, 20 mm by sparging air through a 21 gauge hypodermic needle. Air was 
supplied by Dymax 14 pump (Charles Austen, UK) at a rate of either 50 cc min-1 or 
100 cc min-1, depending on the bubble size required, where the lower air flow rate gave a 
smaller bubble size. Care was taken to generate foam of uniform bubble size, with air 
flowrates chosen to be low enough in order to minimise polydispersity in the foam, whilst 
also being high enough to reduce the amount of degradation as a foam head of the required 
height was generated. After generation the foam was left to freely drain for two minutes 
and attain its equilibrium liquid fraction. Surfactant solution was then drained through the 
foam at a constant superficial velocity (jd) from a reservoir filled with 500 mL of the same 
surfactant solution used to generate foam. As liquid drained through the initially dry foam 
two regions were formed; a wet region behind the progressing drainage front and a dry 
zone ahead of the drainage front. The wet front velocity (Vf) was determined by visually 
tracking the wet front down the column and timing its progress between two points marked 
on the foam column, 200 mm apart. A set of forced drainage experiments were conducted 
for each surfactant, with six different superficial drainage velocities being tested at two 
different bubble sizes. All experiments were repeated in triplicate with the average time for 
the wet front to travel down the foam column being used to determine the wet front 
velocity. 
Bubble size was measured by generating foam in a glass container of square cross 
section under the same conditions as used in forced drainage experiments. Two 
dimensional images of the bubble cross sections against the container wall were obtained 
by taking a photo of the foam though a prism attached to one face of the container. The 
images were then processed and measurements of bubble area made using Image J, an 
open source image processing and analysis package. Images were calibrated by measuring 
the area of two circular dots of known size marked onto the container in the same plane as 
the foam bubbles, allowing the number of pixels per unit area to be calculated. From the 
measured bubble cross sectional areas equivalent radii were obtained, on the basis of the 
assumption that bubbles were spherical. A single representative bubble size was then 
calculated by taking the arithmetic mean of the radii from each image. In an attempt to 
reduce sampling bias five images were analysed for foams generated at each air flowrate 
and the mean of these measurements taken as the final bubble sizes as reported in 
Chapter 4, Section 4.3.2. 
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3.6 Foam fractionation 
Preliminary foam fractionation experiments were conducted to verify the suitability 
of foam fractionation for the separation of HFBII from other surface active species present 
in the fermentation broth. The results of a single trial experiment and a subsequent set of 
six experiments in which the column feed and air flowrates were varied are presented in 
Chapter 4, Section 4.4.  
HFBII fermentation broth, previously produced in Fermentation 13 without 
antifoam (see Chapter 5, Section 5.4.2), which contained 107.6 mg L-1 of hydrophobin was 
used in foam fractionation experiments. The cell free HFBII fermentation broth was 
sonicated before use to breakup any protein aggregates. Sonicated fermentation broth was 
then fed into the top of the straight section of a ‘J-tube’ glass foam column of internal 
diameter, D, 52 mm, exposed height, H, 350 mm and working liquid level, z, 40 mm, see 
Figure 3.5. Air was sparged through the pool of fermentation broth resident in the bottom 
of the column, creating an overflowing foam. At the top of the column this overflowing 
foam was collapsed by a mechanical foam breaker and enriched foamate collected. 
Surfactant depleted bottoms left the column via an exit port, in such a way that a constant 
liquid level was maintained. The foam column operating conditions chosen for the series of 
six experiments conducted are shown in Table 3.1.  
Table 3.1 Foam fractionation experiment operating conditions 
Experiment 
Air flowrate Feed flowrate 
cc min-1 mL min-1 
FF1 600 10 
FF2 600 20 
FF3 600 40 
FF4 300 10 
FF5 300 20 
FF6 300 40 
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Samples of foamate and bottoms were taken every ten minutes and the quantities of 
foamate of bottoms collected were continuously recorded using digital balances (Ohaus, 
CH) connected to a custom data logging program. HFBII concentration in the surfactant 
rich foamate and lean bottoms was measured with reverse phase HPLC, see Section 
3.7.5.2. The surfactant composition of fractionated fermentation broth was further studied 
through measurement of the dynamic surface tension of foamate and bottoms using the 
pendant drop method, see Section 3.2.2.1.  
Figure 3.5 Schematic of foam fractionation appartatus 
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3.7 HFBII production methodology 
3.7.1 Background 
Hydrophobin protein production was achieved by fed batch fermentations of 
glucose by a genetically modified strain of Saccharomyces cerevisiae, following an 
experimental procedure developed by Unilever, with HFBII production occurring during 
the fed batch stage of the fermentation process. Fermentations were carried out at two 
different locations; larger fermentations of 10 L working volume were done at Unilever 
R&D, Vlaardingen, NL, with fermentations done at The University of Manchester, UK 
reduced by a geometric scaling factor of 6 to a total working volume of 1.67 L. The 
fermentation methodologies used at each location were broadly similar, with variations in 
the scale and type of equipment used. The fermentation procedure used at Unilever R&D 
Vlaardingen, NL, is outlined in Section 3.7.3 and details of The University of Manchester, 
UK, fermentation method are given in Section 3.7.4. Results from all fermentations are 
given in Chapter 5. 
3.7.2 Strain information 
HFBII was produced using a Unilever developed, genetically modified strain of the 
yeast Saccharomyces cerevisiae, deposition number CBS128322, which under the correct 
conditions expresses hydrophobin protein as an extracellular product. The microorganism 
consists of a pMIRY type multi copy integration vector which contains the HFBII coding 
sequence from the fungus Trichoderma reesei inserted into the S. cerevisiae host (Lopes et 
al. 1991). The hfb2 gene insert is controlled by the S. cerevisiae GAL7 promoter and 
induced by the presence of galactose at glucose levels of under 0.5%. The construction of 
the strain is described in detail by Chapman et al. (2010) in their example 1. The  
S. cerevisiae pUR9011#2 strain was stored at -80°C in Nunc cyro-tubes (Fisher Scientific, 
UK), which contained 1 mL of the strain in a glycerol and milk derived protein mixture. 
The strain has a specific growth rate of µ = 0.06 hr-1, which gives a cell doubling 
time of 11.55 hours. The apparent growth yield of the strain is Yx/s = 0.45 gXgS-1, where 
glucose is the growth limiting substrate. 
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3.7.3 Fermentation procedure Unilever R&D, Vlaardingen, NL
Hydrophobin protein was produced by a two stage batch/fed batch fermentation of 
glucose, with HFBII being produced during the fed batch sta
vessels (Unilever, NL) were used, with process control and data logging achieved with a 
Sartorius Biostat DCU system (Sartorius Stedim biotech, DE). The vessel had a total 
volume of 17 L and height to diameter ratio, 
gas was achieved with a Prima 
DE), which measured oxygen, carbon dioxide and ethanol concentration. The basic 
fermentation procedure and media composition used were 
(2007). A labelled image of the ferm
Vlaardingen, NL, is shown in 
Figure 3.7.  
 
Figure 3.6
 
Inoculum 
addition bottle 
Automatic 
fraction collector 
Acid and base 
for pH control 
Dosing pumps 
for pH control 
pH probe 
 
ge. Custom built fermenter 
H:D, of 1.76. Online analysis of fermenter off 
δB process mass spectrometer (Thermo Fisher Scientific, 
as reported by 
entation apparatus used at Unilever R&D, 
Figure 3.6 with a schematic of the same apparatus shown in 
 Equipment used for HFBII production, Unilever R&D, NL
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van de Laar et al. 
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Inoculum was prepared in two steps; first 1.0 mL of freshly defrosted strain,  
S.cerevisiae pUR9011#2, was transferred to 50 mL of yeast nitrogen base and glucose 
solution, YNB, (Difco, UK) and incubated at 30°C, 150 rpm. After 48 hours seed culture 
was transferred to 500 mL yeast, peptone, dextrose media, YPD, (Tritium, NL) and grown 
for 24 hours at 30°C, 120 rpm, giving a total inoculum of 550 mL. The YNB and YPD 
inoculum media compositions are stated in Table 3.2. To check inoculum quality the 
optical density after 24 hours of cell growth in YPD was determined by measuring the 
absorbance of the sample at a wavelength of 600 nm using a UV-Vis spectrophotometer 
(UV-Mini 1240, Shimadzu, UK). Typically, absorbences were in the range 6.92-7.78 
absolute. 
Table 3.2 Inoculum media recipies 
Component 
Media 
Supplier 
YNB (g L-1) YPD (g L-1) 
Glucose 50.0 20.0 AVEBE, NL 
Peptone 0.0 20.0 Tritium, NL 
Yeast extract 0.0 10.0 Tritium, NL 
Yeast 
nitrogen base 67.0 0.0 Difco, UK 
 
The batch and fed batch stage media recipes, which are the same as used by van de 
Laar et al. (2007), are shown in Table 3.3. The feed medium is similar in composition to 
the batch stage medium, with an increased glucose concentration to support exponential 
cell growth at reasonable feed addition volumes. Galactose is also present in the feed 
medium to induce expression of the hfb2 gene. For HFBII producing fermentations the 
batch stage volume was 5.45 L to which approximately 4.00 L of feed were added, 
depending on the duration of the fermentation. All fermentation media were sterilised by 
autoclaving at 121°C for 20 minutes. The non-sugar components of the batch stage media 
were all sterilised in the fermenter vessel with glucose being sterilised separately and 
aseptically added to the fermenter before inoculation. The sugars for the feed medium were 
also sterilised separately from other media components and added to the feed before 
inoculating the fermenter. To prevent thermal degradation the vitamin solution was filter 
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sterilised and subsequently added to the sugar components of the batch and feed media, 
after they had cooled to room temperature following autoclaving. 
 
Table 3.3 Fermentaiton media recipie 
Component 
Media 
Supplier 
Batch 
(g L-1) 
Feed 
(g L-1) 
 Polyalkylene 
glycol antifoam, 
Struktol J647 
0.4 0.8 Schill and Seilacher, DE 
Galactose 0.0 3.0 Sigma, UK 
Glucose 22.0 440.0 AVEBE, NL 
KH2PO4 2.1 12.0 Sigma, UK 
MgSO4.7H2O 0.6 2.5 Merck, DE 
Trace element 
solution 
10.0 20.0 Tritium, NL 
Vitamin 
solution 
1.0 2.0 Tritium, NL 
Yeast extract 10.0 25.0 Ohly, DE 
 
In experiments designed to investigate the effect of foaming on HFBII production 
by fermentation no antifoaming agent was added to the batch or feed media and all other 
components remained unaltered. Detailed compositions of the trace element and vitamin 
solutions are given in Table 3.4 and Table 3.5 respectively. The solutions were obtained 
from the supplier (Tritium, NL) readymade and used as received.  
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Table 3.4 Trace element solution composition 
Component 
Concentration  
(g L-1) 
C6H9NO6  1.5000 
CaCl2.H2O 0.1000 
CoSO4.7H2O 0.1800 
CuSO4.7H2O 0.0100 
FeSO4.7H2O 0.1000 
H3BO3 0.0100 
KAl(SO4)2.12H2O 0.0200 
MgSO4.7H2O 3.0000 
MnSO4.2H2O 0.5000 
Na2MoO4.2H2O 0.0100 
Na2SeO3.5H2O 0.0003 
NaCl 1.0000 
NiCl2.6H2O 0.0250 
ZnSO4.7H2O 0.1800 
 
Table 3.5 Vitamin solution composition 
Component 
Concentration  
(mg L-1) 
Biotin  2.0 
D-Ca-Pantothenate  5.0 
Folic acid  2.0 
Lipoic acid  5.0 
Nicotinic acid  5.0 
p-Aminobenzoic acid 5.0 
Pyridoxine-HCl  10.0 
Riboflavine  5.0 
Thiamine-HCl  5.0 
Vitamin B12  0.1 
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Fermentations were carried out at Unilever R&D, Vlaardingen, NL, using the 
apparatus shown in Figure 3.6, at a total working volume of 10 L. During fermentations air 
flowrate, pH, dissolved oxygen (dO2) and temperature were directly controlled. The 
controller set points for each process variable are shown in Table 3.6 for each of the three 
stages of the fermentation; batch, fed batch and cooling. Fermenter pH was measured by a 
Mettler-Toledo Ingold InPro 3100 electrode (Elscolab, NL) and automatically controlled 
by the addition of either 3 M phosphoric acid, H3PO4, or 12.5 % (wt) ammonia, NH3, via 
separate peristaltic dosing pumps. The pH probe was calibrated before each fermentation, 
with a two-point calibration carried out prior to autoclaving. After sterilisation a sample of 
fermentation media was taken and the pH measured using an external pH probe, this value 
was then used to correct the fermenter pH reading for any drift which occurred during 
autoclaving. Dissolved oxygen, dO2, levels were monitored with a Mettler-Toledo Ingold 
InPro 6800 dO2 electrode (Elscolab, NL). Control of dO2 was achieved via a proportional, 
integral and derivative controller which acted on the rotational speed of the impeller, with 
an increase in stirrer speed increasing the rate of oxygen mass transfer to the fermentation 
broth. The dO2 probe was calibrated after autoclaving by saturating the fermentation media 
in the fermenter vessel with oxygen. Care was taken to ensure that sufficient time was left 
for the temperature of the fermenter vessel, its contents and pH and dO2 probes to 
equilibrate before calibrating. A stirrer speed of 1000 rpm and an aeration rate of 6 L min-1 
were used to create saturation conditions of 100 % dO2. Temperature was controlled with a 
jacket which covered the bottom portion of the fermenter vessel, see Figure 3.6, through 
which thermostated water was circulated. Fermentation progress was determined by online 
off gas analysis using a Prima δB process mass spectrometer (Thermo Fisher Scientific, 
DE) which measured ethanol concentration, oxygen and carbon dioxide content. The rates 
of oxygen consumption, rO2, and carbon dioxide formation, rCO2, were automatically 
calculated and displayed by the control software in real time. 
At the start of fermentations the fermenter vessel was inoculated with 550 mL of 24 
hour YPD, an inoculum of 10.1 % (v/v), giving a total batch stage volume of 6.00 L. 
During the batch stage glucose was aerobically fermented, producing ethanol and carbon 
dioxide. The batch stage was allowed to continue past the point of glucose limitation, with 
ethanol metabolism occurring in the second half of the batch stage. Feeding started when 
the ethanol concentration in the fermenter off gas, as measured by the online mass 
spectrometer, dropped below a threshold of 60 ppm, corresponding to a concentration of 
approximately 0.06 % (v/v) in the fermenter, usually 12-15 hours after inoculation. Feed 
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was supplied at an exponentially increasing rate throughout the fed batch stage, using a 
Masterflex 77201-60 peristaltic pump (Cole-Palmer, USA), with the flowrate based upon 
the calculated glucose requirement of the microorganism. 
Fermentations ended when the dO2 remained below 15 % for more than 2 hours, 
with the stirrer speed at its maximum, 1000 rpm, around 60-70 hours after inoculation. 
This dissolved oxygen limitation indicated the limit of cell growth achievable within the 
constraints of the given process conditions i.e. the maximum biological oxygen demand it 
was possible to meet. At this point the cooling stage was started; to decrease metabolic 
activity aeration was stopped and the set point temperature reduced to 4°C. During the 
cooling stage the stirrer was run at a constant speed of 800 rpm to incorporate any HFBII 
rich foam phase, which had accumulated in the fermenter headspace, back into the 
fermentation broth. After cooling the HFBII rich fermentation broth produced during the 
fermentation was processed. Cells were removed from the end of fermentation liquid in 
two stages; centrifugation at 8578 × g, 5°C for 15 minutes, using a Sigma 8K centrifuge, 
(Sigma, DE) and subsequent dead end filtration of the supernatant to ensure complete 
biomass removal from the hydrophobin rich material. Any foamed material was harvested 
from the fermenter and freeze-thawed to collapse the foam, before being processed in the 
same way as the end of fermentation liquid broth. 
Table 3.6 Batch and fed batch stage control parameter setpoints, Unilever R&D, 
Vlaardingen, NL 
Process variable 
Stage 
Batch Fed batch Cooling 
Stirrer speed (rpm) 200<Variable<1000 Variable <1000 800 
Air supply (L min-1) 2 6 0 
dO2 (% sat) 30 30 - 
pH 5 5 5 
Temp (°C) 30 30 4 
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Samples were automatically taken from the fermenter every 1.5 hours during the 
batch and fed batch stages with a Gilson 203B fraction collector (Meyvis, NL) and cooled 
to 3°C. Every other sample collected was analysed to determine dry matter and HFBII 
concentration using the procedures described in Section 3.7.5. A sample of fermenter 
contents was also taken manually every 24 hours and checked for cell viability and the 
presence of infection.  
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3.7.4 Fermentation procedure The University of Manchester, UK 
Fermentations carried out at The University of Manchester, UK, were reduced by a 
geometric scaling factor of six compared to fermentations done at Unilever R&D, 
Vlaardingen, NL, to 1.67 L total working volume. The scaling factor was applied to reduce 
inoculum volume and to preserve the geometric similarity of fermentations. The scaled 
inoculum, batch and fed batch stage volumes are given in Table 3.7. The actual 
fermentation volumes used were as calculated, although the inoculum volume was 
increased slightly from that obtained through calculation, in order to keep the volumes 
used experimentally practical. The volumetric aeration rate was kept the same between 
fermentations, at 0.33 L L-1 min-1 for the batch stage and 1.00 L L-1 min-1 during the fed 
batch stage. 
Table 3.7 Inoculum and fermentation volume scaling 
Fermentation 
Inoculum 
Batch Volume Feed 
Volume  
Total 
volume  Minus 
inoculum Total 
mL % L L L L 
Unilever 550.00 10.09 5.45 6.00 4.00 10.00 
Manchester 
Calculation 91.67 10.09 0.91 1.00 0.67 1.67 
Manchester 
Actual 110.00 12.11 0.91 1.02 0.67 1.69 
  
Fermentations were conducted at The University of Manchester, UK, using an 
Electrolab FerMac 320 fermentation system (Electrolab, UK), fitted with a 2 L vessel of 
height to diameter ratio, H:D, of 2.00. Fermenter off gas oxygen and carbon dioxide 
concentrations were monitored and recorded in real time using a FerMac 368 gas analyser 
(Electrolab, UK). The ethanol content of the fermenter off gas was not measured online 
during fermentations carried out at The University of Manchester, UK. However offline 
measurements of fermentation broth ethanol concentration were made, using the analytical 
method described in Section 3.7.5.3. The experimental apparatus used at The University of 
Manchester, UK, is shown in Figure 3.8, with a schematic of the same apparatus shown in 
Figure 3.9, which shows the arrangement of the fermenter and overflow vessel used to 
aseptically contain any fermentation broth which overflowed from the fermenter vessel due 
to foaming.  
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Inoculum for fermentations at The University of Manchester, UK was prepared 
using the same method as for Unilever R&D, Vlaardingen, NL, fermentations. 0.5 mL of 
defrosted strain, S. cerevisiae pUR9011#2, was transferred to 10 mL of YNB, (Difco, UK) 
and incubated at 30°C, 150 rpm. After 48 hours seed culture was transferred to 100 mL of 
YPD, (Sigma-Aldrich, UK) and grown for 24 hours at 30°C, 120 rpm, giving a total 
inoculum volume of 110 mL. After 24 hours growth inoculua were checked for cell 
viability by determining the optical density through measuring absorbance at 600 nm using 
a UV-Vis spectrophotometer (UV-Mini 1240, Shimadzu, UK) and by direct observation 
with a microscope (Leica 1349CME4, Fisher Scientific, UK). The YNB and YPD 
inoculum media recipes are given in Table 3.2. 
Fermentations at The University of Manchester, UK, followed the same protocol as 
those conducted at Unilever R&D, Vlaardingen, NL, with the growth media made to the 
same recipe, see Table 3.3, with antifoam added when foam suppression was desired. 
Controller set points for The University of Manchester, UK, fermentations are given in 
Table 3.8. Fermenter pH was measured using a F-695 FermProbe pH electrode (Broadly 
James, USA) and kept at pH 5 by automatic addition of 3M H3PO4 or 12.5 % (wt) NH3. 
The pH probe was calibrated before sterilisation using buffers of pH 7 and pH 4 (Fisher 
Scientific, UK). After autoclaving the fermenter pH probe reading was checked against 
that from an external pH probe and corrected if necessary. The dO2 level in the 
fermentation broth was monitored with a D140 OxyProbe (Broadly James, USA) and 
maintained by increasing the stirrer speed, giving greater oxygen mass transfer to provide 
for the increasing biological oxygen demand of the growing microorganism population. 
Calibration of the dO2 probe was done by saturating the sterile fermentation media with 
oxygen, stirrer speed 1500 rpm aeration rate 1 L min-1, and taking these conditions to be 
100 % dO2. Fermentation temperature was maintained at 30°C using a combination of an 
electrical heating jacket wrapped around the fermenter vessel and a cooling finger 
submerged in the fermentation broth, see Figure 3.8. 
Fermentations were started by adding a 12.1 % (v/v) inoculum of 24 hour mid 
exponential cells to the batch stage media, giving an initial batch volume of 1.02 L. The 
batch stage of fermentations ran until all carbon sources had been metabolised, detected by 
monitoring the off gas composition, with the transition to fed batch occurring 15-17 hours 
after inoculation. During a typical fermentation 0.67 L of feed were added, following an 
exponential profile. HFBII production occurred during the fed batch stage, where protein 
expression was induced by the presence of galactose in the feed media. Culture was 
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maintained at 30°C throughout the fermentation and sparged with 0.33 L min-1 of air 
during the batch stage with a step increase to 1.00 L min-1 when feeding commenced. The 
end point of fermentations was taken as the time when oxygen mass transfer became 
limiting, i.e. stirrer speed at maximum and the average dO2 below that needed for aerobic 
respiration, usually 65-70 hours after inoculation. When oxygen mass transfer became 
limiting aeration was stopped and the fermenter contents cooled with the stirrer run at 
1000 rpm to incorporate any HFBII rich foam in the fermenter headspace back into the 
fermentation broth. Cells were removed from the end of fermentation liquid by 
centrifugation at 4000 rpm for 20 minutes, using an accuSpin 400 centrifuge, (Fisher 
Scientific, UK). Cell free fermentation broth was stored frozen at -18°C.  
Table 3.8 Batch and fed batch stage control parameter setpoints, The University of 
Manchetser, UK 
Process variable 
Stage 
Batch Fed batch Cooling 
Stirrer speed (rpm) 200<Variable<1000 Variable <1500 1000 
Air supply (L min-1) 0.33 1.00 0 
dO2 (% sat) 30 30 - 
pH 5 5 5 
Temp (°C) 30 30 4 
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Overflowing foam (overfoaming) which occurred during fermentations without 
antifoam was aseptically contained in an overflow vessel, see Figure 3.9. Overflowing 
foam escaped the fermenter via the outlet condenser and was directed to a large separation 
chamber, in which the overflowed material was contained and off gas vented via an outlet 
filter (Whatman, UK). The quantity of overfoam was continuously monitored during 
experiments done at The University of Manchester, UK, using digital balances (Ohaus, 
CH) connected to an in-house designed custom data logging program.  
Samples were manually taken from the fermenter vessel every hour during the 
daytime, with samples not being taken overnight as no autosampler being available for 
fermentations at The University of Manchester, UK. Samples of overflowed material 
contained in the overflow vessel were taken manually as required, typically every three 
hours and at the end of the fermentation. The dry matter and HFBII content of samples was 
determined using the analytical methods described in Section 3.7.5. 
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3.7.5 Analytical techniques 
3.7.5.1 Dry matter analysis 
The biomass in fermentation broth and foamed samples was quantified by dry 
matter analysis. Approximately 1.5 mL of sample was transferred to a dry, pre weighed 
micro test tube (Eppendorf, DE) and cells spun down at 15,000 rpm for five minutes with a 
Eppendorf MiniSpin centrifuge (Fisher Scientific, UK). The supernatant was then removed 
through a 0.22 µm filter (Millipore, USA) and the cell pellet dried at 105°C until constant 
weight was attained, at least 18 hours. After drying the dry matter per kilogram of 
fermenter contents was calculated from the change in mass of the sample using 
Equation 3.6. 
 Dry matter (g kg-1)= W3-W1W2-W1
×1000 (3.6) 
 
where W1 is the weight (g) of the empty dry tube, W2 is the weight (g) of the tube and 
sample, before supernatant removal and W3 is the weight (g) after drying.  
3.7.5.2 High performance liquid chromatography (HPLC) 
The concentration of HFBII in fermentation samples was determined by reverse 
phase HPLC using either a Dionex Ultimate 3000 or Varian Star HPLC system. 
Chromatographic separation was achieved with a Vydac protein C4 column (Grace, USA), 
dimensions 250 mm × 4.6 mm, which has a particle size of 5 µm and a pore size of 300 Å. 
The column was housed in a column oven and maintained at 30°C. A gradient elution of 
(A) 0.1 % (v/v) triflouroacetic acid (TFA) in water to (B) 0.1 % (v/v) TFA in acetonitrile 
(ACN) was used, see Table 3.9, at a flowrate of 1 mL min-1. Ultraviolet absorbance was 
detected at a wavelength of 214 nm.  
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Table 3.9 Gradient used for HPLC elution. Mobile phase B 0.1 % TFA in ACN 
Time Mobile Phase B 
min % 
0 0 
3 0 
8 20 
48 70 
51 100 
53 100 
54 0 
64 0 
 
Fermentation samples were prepared by mixing with ethanol to a concentration of 
60 % (v/v) to ensure dissolution of any HFBII aggregates, which can spontaneously form 
from solution (Torkkeli et al. 2002), and spun down at 15,000 rpm for five minutes to 
remove cells. After preparation 20 µL of sample was injected for analysis. HFBII content 
was quantified by comparison of integrated peak area to that of standards of known 
concentration. Due to the large range of HFBII concentrations encountered in samples, 
especially in foaming experiments, a seven point calibration was used with the 
concentrations of standards given in Table 3.10. Sample chromatograms are given in 
Appendix A. 
Table 3.10 Concentration of HFBII standards used in HPLC analysis 
Standard 
Concentration 
µg mL-1 
1 18.67 
2 28.00 
3 37.33 
4 46.66 
5 93.33 
6 139.99 
7 186.65 
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3.7.5.3 Glucose and ethanol concentration measurement  
The variations in glucose and ethanol concentration throughout the batch stage of 
fermentations carried out at The University of Manchester, UK, were found by using a 
GL6 Multiassay Analyser (Analox, UK). The analyser measured the maximum rate of 
oxygen uptake during enzymatic oxidation of the analyte in the presence of the appropriate 
enzyme. The reactions for the enzymatic oxidation of glucose and ethanol are given below; 
 
 C6H12O6+O2
Glucose Oxidase
C6H12O7+H2O2 (3.7) 
 
 C2H5OH+O2
Alcohol Oxidase
C2H4O+H2O2 (3.8) 
 
Cell free fermentation broth samples were obtained by recovering the supernatant 
from dry matter samples after the cells had been spun down. This use of the supernatant 
limited the total sample volume required and hence minimised the amount of broth 
removed from the fermenter, as well as reducing the sample preparation time. To conduct 
analysis the analyser was filled with the correct enzyme, obtained from the manufacturer 
(Analox, UK), for either glucose or ethanol analysis and the instrument calibrated using the 
appropriate standard, either 1 % (v/v) glucose solution or 5 % (v/v) ethanol solution. The 
narrow linear response range of the instrument and single point calibration meant that 
multiple sample dilutions were required for samples with high glucose or ethanol 
concentrations. Generally a 1:10 dilution was adequate to maintain glucose and ethanol 
concentrations within the calibrated linear range of the instrument. Once calibrated 10 µL 
of sample was injected into the Multiassay analyser using a positive displacement pipette 
(Gilson Microman M25). The analyser then returned a concentration measurement based 
on the maximum oxygen uptake rate and the calibration standard used. When samples were 
diluted prior to injection the raw result obtained was corrected by the dilution factor. 
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3.8 Fermentation and foam fractionation 
A novel process for in situ recovery of HFBII from the fermenter vessel was 
developed, through integration of the protein producing fermentation stage with a foam 
fractionation column. HFBII producing fermentations were conducted without antifoam at 
The University of Manchester, UK, and foam separation applied during the fed batch stage. 
The results of initial trials of the integrated fermentation and foam fractionation process are 
presented in Chapter 6. 
Continuous in situ product recovery by foam fractionation was carried out using a 
separate ‘J-tube’ glass foam column of internal diameter, D, 52 mm, exposed 
height, H, 350 mm and working liquid level, z, 40 mm, see Figure 3.10. The resulting foam 
height, H-z, was chosen to ensure even distribution of liquid feed and allow a sufficient 
residence time for mass transfer to occur, with foam height also affecting biosurfactant 
enrichment and recovery (Martin et al. 2010). Details of the experimental apparatus are 
shown in Figure 3.10. The foam column was integrated with the fermenter vessel by a 
recirculation loop, see Figure 3.11. Fermentation broth was pumped from the fermenter 
vessel to the foam column using a Masterflex C/L peristaltic pump (Cole-Palmer, USA), 
with the feed rate set and held constant during each experiment using in-house developed 
custom proportional and derivative control software. Broth was transferred back to the 
fermenter vessel with a peristaltic pump (Watson Marlow, UK), set to maintain a constant 
fermentation broth inventory in the foam column. Foam fractionation was started at the 
onset of HFBII production at the beginning of the fed batch stage of fermentations. To 
generate foam, sterile air was supplied to the foam column with a Dymax 14 pump 
(Charles Austen, UK), via a humidifier and 0.2 µm filter. The air flow rate was 
independently controlled via a rotameter, with air entering the bottom of the column 
through a sintered glass disk, porosity No.3. Foam was collapsed with a mechanical foam 
breaker and the resulting foamate collected in a large glass reservoir. Full details of all 
fermentations, including foam column operating conditions are given in Chapter 6, where 
results of the development of the integrated fermentation and foam fractionation process 
are presented.  
Overflowing foam was aseptically contained in an overflow vessel, see Figure 3.11. 
Any overflowing foam exited the fermenter via the outlet condenser and was directed to 
the overflow vessel, in which the overflowing material was contained and off gas vented 
via a 0.2 µm filter (Whatman, USA). The quantity of foam overflow and foamate collected 
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were continuously monitored using digital balances (Ohaus, CH) connected to a custom 
data logging program.  
Samples were taken from the fermenter vessel and foamate every hour during the 
day, with no samples taken overnight. Due to the complexity and the experimental setup it 
was not possible to periodically take samples from the overflow vessel. For this reason the 
overflowed liquid and foam collected were only sampled at the end of fermentations. The 
dry matter and HFBII content of samples was determined using the procedures outlined in 
Section 3.7.5 and foam fractionation performance measured in standard terms of 
biosurfactant enrichment and recovery, which were defined in Equations 2.13 and 2.14. 
Further the carryover of cells in the foam was quantified by the cell enrichment, defined in 
Equation 3.9 below; 
 
 Cell Enrichment=
CDMf
CDMi
 (3.9) 
 
where CDMf is the end of fermentation dry matter concentration in the foamate and CDMi is 
the coincident dry matter concentration in the fermenter. 
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Figure 3.10 Integrated Fermentation and foam fractionation equipment details 
Figure 3.11 Integrated fermentation and foam fractionation process flow diagram. 1.Fermenter 
vessel 2.Overflow vessel 3.Foam column 4.Recirculation loop 5.Peristaltic pump 
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The experimental methods described in this Chapter were used to obtain the results 
presented in Chapters 4, 5 and 6. The relevant methods are identified at the beginning of 
each results Chapter, with reference made to the appropriate section of this Materials and 
Methods Chapter. 
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4 Fermentation Broth Characterisation and 
Foam Fractionation  
4.1 Introduction 
This Chapter presents results from an experimental investigation of the surface 
behaviour and foaming properties of the fermentation broth containing hydrophobin 
protein. The results provide a foundation for the subsequent design of an in situ interfacial 
separation methods as well as illustrating a number of interesting interfacial phenomena. 
Section 4.2 presents a characterisation of the interfacial behaviour of HFBII in the 
presence of the other both surface active and inactive molecules in the fermentation broth, 
and compares this to the behaviour of defined single component systems. The equilibrium 
surface tension of HFBII fermentation broth was determined using a Wilhelmy plate and 
the dynamic surface tension by pendant drop shape analysis and maximum bubble pressure 
measurements. The dynamic effect of pure solutions of HFBII on the air-water interfacial 
tension is compared to that of HFBII in the complex fermentation broth system. Surface 
pressure-area isotherms were generated for HFBII fermentation broth, which give insight 
into the assembly of the hydrophobin at the air-water interface. 
Results from a range of experiments, investigating the foaming behaviour of HFBII 
fermentation broth are presented in Section 4.3. The foaming properties of HFBII 
fermentation broth were looked at through simple observation of foam stability over time 
and the forced drainage of quasi one-dimensional foams. The liquid drainage data obtained 
from forced drainage experiments were subsequently used in the preliminary application of 
the model of the foam fractionation process proposed by Martin et al. (2010) to the HFBII 
fermentation broth system, see Chapter 7.  
Results of foam fractionation experiments are included in Section 4.4, at the end of 
this Chapter. HFBII containing fermentation broth (produced during Unilever 
Fermentation 13, see Chapter 5, Section 5.4.2) was fractionated and the dynamic surface 
tension of the resulting HFBII enriched foamate and surfactant depleted overflow were 
determined by pendant drop analysis. The findings from these initial foam fractionation 
experiments were used when choosing the foam column operating conditions for trials of 
the integrated fermentation and foam fractionation process described in Chapter 6.  
Fermentation broth from Fermentations 8 and 13, detailed in Chapter 5, was stored 
at −20°C, and used in all experiments reported here. The broth was selected from antifoam 
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free fermentations to avoid the disruption of interfacial behaviour by surface active 
polymers, such as poly(alkene glycol), present in the antifoaming agent used during 
hydrophobin production with antifoam, and to provide a sufficient volume for a systematic 
range of experiments. The broth produced during fermentations was a complex, undefined 
system, which contained a known amount of HFBII, directly measured by HPLC, and an 
unknown quantity of unidentified, predominately lower molecular weight, surface active 
and non-surface active species. These other surface active molecules present in the 
fermentation broth included extracellular proteins native to the microorganism and species 
contained in components of the fermentation media, such as yeast extract. It is noted that in 
fermentations without antifoam the sterilised media would foam in the fermenter before 
inoculation, indicating the foaming potential of the fermentation media.  
All of the results presented in this Chapter are summarised in Section 4.5. 
4.2 Surface properties of HFBII containing fermentation broth 
4.2.1 Equilibrium surface tensiometry 
The equilibrium surface tension of antifoam free fermentation broth, was measured 
using a Krüss K100 tensiometer (Krüss, DE), fitted with a Wilhelmy plate of dimensions 
19.9 × 10 × 0.2 mm (width × height × thickness). Experiments were carried out at Unilever 
R&D, Colworth, UK, using the same apparatus and basic methodology established by Cox 
et al. (2007a). The material tested was produced in Unilever Fermentation 13 without 
antifoam, see Chapter 5, Section 5.4.2, following the method described in Chapter 3, 
Section 3.2.1 and contained 107.6 mg L-1 of HFBII.  
Figure 4.1 shows the data from three repeated HFBII equilibrium surface tension 
measurements as well as a water surface tension measurement, made for confirmation of 
surface cleanliness. The equilibrium surface tension values are plotted against time to 
demonstrate that adequate time was given for the HFBII molecules to adsorb to the air-
water interface. The equilibrium surface tension of pure water was measured as 
72.8 mN m-1 at a temperature of 19°C, in close agreement with the standard value of 
72.9 mN m-1 at 20°C (Adamson and Gast 1997). The first equilibrium surface tension 
measurement of 107.5 mg L-1 HFBII fermentation broth was carried out over a period of 
12 hours to ensure equilibrium was attained. Subsequent measurements were terminated 
after one hour, as no drop in equilibrium surface tension was observed from one to 12 
hours during the first measurement. The average HFBII fermentation broth equilibrium 
surface tension was found to be 42.6 ± 0.3 mN m-1 at 20°C, where the error is based on the 
standard deviation from the mean. The value of HFBII fermentation broth equilibrium 
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surface tension reported here differs from the value of 29.5 mN m-1 reported by Cox et al. 
(2007a) for a 109.6 mg L-1 solution of pure HFBII. This difference is attributed to the 
presence of additional surfactants in the fermentation broth, which interact with the 
hydrophobin protein in solution affecting the surface behaviour of the protein; see Section 
4.2.3 for further discussion. 
The concentration of HFBII used here was a factor of 40 greater than the surface 
saturation concentration of 2.7 mg L-1 (0.38 µM) reported by Cox et al. (2007a). A surface 
saturation concentration (SSC) is used to describe the break point where the equilibrium 
surface tension is unaffected by further increases in bulk solution concentration, rather than 
a critical micelle concentration (CMC). This is because HFBII is known to aggregate into 
fibrils in solution, forming dimers at low concentrations, below the SSC, and tetramers at 
concentrations above 10 mg mL-1, in contrast to the usual case where surfactants are 
disassociated in solution until the CMC is reached, at which point the surface is fully 
covered with adsorbed molecules and micelles form in the bulk solution (Cox et al. 2007a; 
Szilvay et al. 2006; Torkkeli et al. 2002). As the HFBII concentration in the fermentation 
broth used here was well above the SSC it is apparent that significant interactions between 
the HFBII molecule and other surface active molecules are occurring, which limit the 
number of HFBII molecules adsorbing to the air-water interface, accounting for the higher 
equilibrium surface tension compared to that of the pure HFBII solution. 
Care needs to be taken when interpreting equilibrium surface tension measurements 
made with a Wilhelmy plate as the surface rheology of the air-water interface is modified 
by the tendency of HFBII to assemble into elastic films at the interface, which can 
influence the measurement of surface tension (Cox et al. 2007a; Kisko et al. 2005). 
However, the determination of an equilibrium surface tension value for the HFBII 
fermentation broth allows the progress of dynamic surface tension towards the minimum 
surface tension value, represented by the equilibrium surface tension value, to be 
quantified. 
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4.2.2 Dynamic surface tensiometry 
The dynamic surface tension of HFBII fermentation broth was determined in two 
different ways, using the maximum bubble pressure method and the pendant drop method. 
The maximum bubble pressure method works through measuring the internal bubble 
pressure of gas bubbles formed at the end of a capillary immersed in the solution of 
interest. The surface tension is then calculated using the Young-Laplace equation. By 
forming bubbles with differing lifetimes the variation of surface tension over time is 
obtained. For pendant drop analysis a tear-shaped droplet of solution was dispensed from a 
syringe and hung from the end of a 20 gauge needle. Photographs of the drop were 
captured over time and the surface tension calculated by fitting the Young-Laplace 
equation to the droplet’s silhouette. See Chapter 3 Section 3.2.2 for a detailed description 
of both methods. 
4.2.2.1 Pendant drop dynamic surface tensiometry 
The pendant drop technique was applied to measure the dynamic surface tension of 
HFBII fermentation broth produced without antifoam using a First Ten Angstroms 
FTÅ 200 digital video goniometer (FTÅ, UK). Figure 4.2 shows the change in surface 
tension over time of fermentation broth produced at The University of Manchester, UK, 
containing 270 mg L-1 of HFBII (Fermentation 8, see Chapter 5, Section 5.4.1). Triplicate 
repeats of each measurement were made, with the average value plotted in Figure 4.2. The 
calibration of the instrument was confirmed by measuring the surface tension of pure 
water, which was found to be 72.1 mN m-1, close to the anticipated value. Further, surface 
cleanliness was confirmed by the time invariance of the water surface tension value.  
Figure 4.1 Equilibrium surface tension of HFBII fermentation broth (,,) and water () 
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Figure 4.2 shows that the surface tension of the HFBII fermentation broth pendant drop 
reduced over time, from an initial value of around 60 mN m-1. This low initial value 
suggests that there were mobile, low molecular weight, amphiphilic species present in the 
fermentation broth, which quickly adsorbed to the drop surface, lowering the surface 
tension. Subsequently the surface tension fell, reaching 45.7 mN m-1 after 900 seconds, 
nearing the equilibrium surface tension value of 42.6 mN m-1 reported previously, see 
Section 4.2.1. Although these surface tension measurements were made on different 
fermentation broth samples it was expected that at equilibrium the behaviour would be 
similar as both samples contained HFBII at levels well above the SSC. The observed drop 
in surface tension over time suggests that the HFBII molecules with a high molecular 
weight of HFBII 7.2 kDa, were slow to absorb to the interface as evidenced by the time 
required for the endpoint to be reached when determining equilibrium surface tension. 
Figure 4.3 is a plot commensurate with Figure 4.2 for the antifoam free 
Fermentation 13 broth produced at Unilever R&D, Vlaardingen, NL, which contained 
107.6 mg L-1 HFBII. Upon drop formation the surface tension dropped to 62 mN m-1 and 
then further reduced over time, falling to 45.6 mN m-1 after 900 seconds. The trajectory of 
surface tension as it reduced over time was similar for both Manchester and Unilever 
fermentation broth, as expected, with the same initial drop in surface tension to around 
60 mN m-1 seen in both experiments. The final values of surface tension attained after 900 
seconds were within 0.2 % and close to the equilibrium surface tension value, suggesting 
that the HFBII adsorption process takes of the order of 15 minutes in these cases. 
The pendant drop volume is also shown in Figure 4.3, being constant over the 
majority of the measurement time and falling off after 1000 seconds, the point at which the 
droplet profile began to change. In all dynamic surface tension measurements made with 
the pendant drop method the droplet was suspended in an atmosphere saturated with water 
vapour, achieved by hanging the drop in a cuvette partially filled with pure water, to 
prevent evaporation and consequently volume reduction of the drop. This means that the 
change in drop volume seen in Figure 4.3 is most likely due to the Young-Laplace equation 
not being able to describe the experimentally observed distorted drop profiles. 
The last seven data points in Figure 4.2 show significant scatter and deviation from 
the established trend, suggesting experimental error. The scatter was caused by numerical 
error in fitting the Young-Laplace equation to the drop profile, due to elastic deformation 
of the droplet. The change in droplet profile over time is shown in Figure 4.4. The pendant 
drop changed from a tear-drop shape, Figure 4.4(a), to an elongated flattened drop, with 
elastic deformation evident at the point the of needle contact, Figure 4.4(c). This change in 
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droplet shape causes the error in measurement seen in Figure 4.2, from 1000 seconds after 
the droplet was formed. The same droplet distortion was reported by Szilvay et al. (2006) 
for a 100 mg L-1 solution of the class I hydrophobin HFBI, also from T. reesei, with 
deformed drop shapes observed after 15 minutes (900 seconds). The distortion of the 
pendant drop profile at around 15 minutes in experiments reported here does however 
confirm that HFBII molecules are indeed adsorbing to the interface and have a higher 
affinity for the air-water interface than other components, which have faster adsorption 
kinetics than the hydrophobin protein. 
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Figure 4.2 Average dynamic surface tension (γ) determined by pendant drop method. 
HFBII fermentation broth produced at The University of Manchester, UK, 270 mg L-1, 
() and pure water () 
Figure 4.3 Dynamic surface tension (γ) determined by pendant drop method. HFBII 
fermentation broth produced at Unilever R&D, Vlaardingen, NL, 107.6 mg L-1, () 
and droplet volume () 
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4.2.2.2 Maximum bubble pressure dynamic surface tensiometry 
The dynamic surface tension of HFBII fermentation broth produced in 
Fermentation 13 at Unilever R&D, Vlaardingen, NL, was also determined by the 
maximum bubble pressure method, using a SITA t60 online tensiometer, SITA 
Messtechnik, DE. Dynamic surface tension results for a series of broth dilutions, pure 
HFBII and water are shown in Figure 4.5, with the data plotted in Figure 4.5(a) re-plotted 
on a logarithmic scale in Figure 4.5(b). The bubble lifetime shown on the abscissa 
corresponds to the period of time given for surfactants to adsorb to the air-water interface 
i.e. the age of the surface. To explore a range of HFBII concentrations fermentation broth 
was diluted, however this also reduced the concentration of other surface active species in 
the fermentation broth by a consummate amount. Details of the HFBII concentration in 
each sample and the dilution factors used are shown in Table 4.1, where numbers 
correspond to the numbering of data series plotted in Figure 4.5. 
Table 4.1 Dilution factors and HFBII concentrations of samples for maximum bubble 
pressure experiments 
Number in 
Figure 4.5 Dilution Factor 
HFBII 
Concentration in 
Broth  
mg L-1 
1 1.0 107.6 
2 1.5 71.6 
3 2.0 53.7 
4 4.0 26.9 
5 5.0 21.5 
6 10.0 10.9 
7 100.0 1.1 
Pure HFBII - 1000.0 
Water - 0.0 
Figure 4.4 Evolution of hanging pendant drops of HFBII fermentation broth, 107.6 mg L-1 
a) 0 minutes b) 2 minutes c) 75 minutes 
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Figure 4.5(a) shows that there was a marked difference between the dynamic 
surface tension behaviour of the HFBII fermentation broth and pure HFBII systems. Two 
different regions of behaviour are seen for pure HFBII in Figure 4.5(b), an induction region 
up to a bubble lifetime of 2 seconds, during which surface tension was independent of the 
age of the surface, and then a longer rapid fall region from a bubble lifetime of 2 seconds 
onwards. In the rapid fall region the surface tension of pure HFBII decayed exponentially 
over time falling to a value of 49.0 mN m-1 after 56 seconds. The break and rapid fall in 
Figure 4.5 Comparison of dynamic surface tension of 0.01 %(wt) HFBII solution () 
and HFBII containg fermentation broth (,,,,,,	), determined by 
maximum bubble pressure method 
a) Dynamic surface tension (γ), linear scale 
b) Dynamic surface tension (γ), logarithmic scale 
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HFBII surface tension was not evident for HFBII fermentation broth measurements, rather 
surface tension slowly decreased with increasing bubble lifetime. Both of these behaviours 
are reported by Shrestha et al. (2008) for pure surfactant and mixed surfactant-protein 
systems. Fermentation broth samples which were more dilute lowered the surface tension 
less than more concentrated samples. This was expected as diluted samples contained 
fewer surface active molecules overall compared to the undiluted fermentation broth. The 
greatest drop in surface tension was recorded for undiluted broth, 107.6 mg L-1 HFBII, 
with a value of 63.1 mN m-1 attained at a bubble lifetime of 56 seconds. The rest of the 
samples reduced the surface tension by a lesser amount, sorted in order of dilution factor. 
Figure 4.5(b) shows that the surface tension being measured for samples 1, 2 and 3 were 
still following a downward trend when the maximum bubble lifetime of 60 seconds was 
reached. With the model of tensiometer used it was not possible to create bubbles with a 
lifetime greater than 60 seconds. This physical limit of the apparatus used was avoided in 
the previously described dynamic surface tension measurements made with the pendant 
drop method. At very short bubble lifetimes, < 0.05 seconds, the measured values of 
surface tension were higher than expected, with a value of 75.0 mN m-1 measured for 
dilution number 7 (1.1 mg L-1 HFBII) and a slightly high value of 73.1 mN m-1 for pure 
water. However after these initial readings the surface tension of the pure water was found 
to be in the expected range, suggesting measurements were accurate and reliable. The error 
in surface tension values at short bubble lifetimes may have been due to difficulties with 
getting the apparatus used to correctly measure the bubble pressure over these short time 
periods. 
The change in dynamic surface tension (∆γ) between 0.1 and 50 seconds is shown 
in Figure 4.6. ∆γ was calculated using Equation 4.1 shown below.  
 
 
∆γ	=	γ0.1	-		γ50 (4.1) 
 
Figure 4.6(a) shows ∆γ for all data, including the dynamic surface tension of the 
1000 mg L-1 pure HFBII solution. In Figure 4.6(b) the point for the latter is omitted, 
limiting the data set to only surface tension measurements of HFBII fermentation broth. 
The relationship between ∆γ and HFBII concentration was found to be linear in both cases. 
The fit to the data shown in Figure 4.6(a) has a gradient of 0.021 and a correlation 
coefficient of 0.997, whilst the fit shown in Figure 4.6(b) has a gradient of 0.019 with a 
slightly lower correlation coefficient of 0.789. The similar gradients of these fits suggest 
that even in dilute broth samples HFBII is predominantly affecting the air-water interface, 
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in a concentration dependent manner. The lower correlation coefficient of the liner fit to 
the data in Figure 4.6(b) is, in part, due to the effect of the lone outlier in the dataset, for a 
HFBII concentration of 10.9 mg L-1. When this point was excluded from the fit the 
correlation coefficient increased to 0.981, with a gradient of 0.021 matching the fit given in 
Figure 4.6(a). Removing the same outlying data point from the previously calculated fit in 
Figure 4.6(a) had very little effect, with the gradient remaining at 0.021 and the correlation 
coefficient increasing to 0.999.  This suggests that at high HFBII concentrations, above the 
SSC (see Section 4.2.1), the protein molecules will out compete other surfactants present 
and adsorb to the air-water interface and the rate at which this happens, and hence at which 
the dynamic surface tension falls, is linearly dependent on hydrophobin concentration. 
 
 
  
Figure 4.6 Variation in the difference in surface tension (∆γ) between bubble 
lifetimes of 0.1 and 50 seconds over a range of HFBII concentrations 
a) HFBII fermentation broth () and pure HFBII () 
b) HFBII fermentation broth only () 
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4.2.3 HFBII and surfactant interactions 
Insight into the validity of the different methodologies used to determine the 
equilibrium and dynamic surface tension of HFBII fermentation broth is given in the plot 
of compiled data shown in Figure 4.7. Here the dynamic surface tension of HFBII 
fermentation broth determined by the maximum bubble pressure and pendant drop 
methods are compared to the equilibrium surface tension value measured using a Wilhelmy 
plate. At long adsorption times it is seen that the pendant drop method gave surface tension 
values approaching the equilibrium value, whilst the maximum bubble pressure method 
gave much higher values of dynamic surface tension, suggesting the HFBII fermentation 
broth had less impact on the air-water interface. With the pendant drop method 
measurement problems started as standard error increased, due to distortion of the drop 
profile. Measurements made before 1000 seconds measurements were repeatable, as shown 
by the low standard error which increased rapidly from 1000 seconds, see Figure 4.7. 
Distortion of pendant drop shape was apparent for solutions of pure HFBII (Szilvay et al. 
2006), however in the case of fermentation broth the technique was valid up to 15 minutes 
from the time of drop formation, due to the presence of mobile surface active species at the 
air-water interface, while the HFBII molecules slowly adsorbed to the interface causing the 
observed drop in surface tension over time, see Section 4.2.2.1. A video goniometer was 
also used by Lumsdon et al. (2005) to measure the dynamic surface tension of pure HFBII 
solutions with a range of concentrations from 2 to 8 mg L-1. 
Also, the dynamics of bubble formation versus drop formation appeared to have an 
impact on the value of dynamic surface tension measured. This difference may be due to 
the nature of protein-surfactant complexes which form in the bulk solution. It has been 
reported that HFBII has a high affinity for non-ionic surfactants, making it likely that the 
HFBII molecules will undergo interactions with surfactants present in the fermentation 
broth (Linder et al. 2001). These interactions may play a role in reducing the surface 
activity of the HFBII molecule, through the formation of protein-surfactant complexes, a 
change in the nature of these interactions may account for the higher dynamic surface 
tension values recorded for HFBII fermentation broth using the maximum bubble pressure 
method, see Figure 4.7, (Kotsmar et al. 2008; Kotsmar et al. 2009). 
The adsorption kinetics of HFBII to the air-water interface are diffusion controlled 
and are classically described in planar geometry by the Ward-Tordai equation (Ward and 
Tordai 1946). At the spherical bubble surface, such as that present in maximum bubble 
pressure surface tension measurements, a similar equation has been derived which shows 
that in a short time limit (no back diffusion from the interface to the bulk) the dynamic 
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surface tension reduction has a dependence on the product of the diffusion coefficient and 
time which has linear and square root terms (Liu et al. 2004). A simpler fit to dynamic 
surface tension data, which is applicable to data obtained with the pendant drop method, is 
described by Lumsdon et al. (2005) and given in Equation 4.2; 
 
 
γ(t) = ( γ
max
 - γ
min)e-kt + γmin (4.2) 
 
where γ(t) is the dynamic surface tension at time t, γmax is the surface tension of the clean 
air-water interface, γmin the minimum surface tension, t the time and k is a rate constant. 
Equation 4.2 was fitted to the dynamic surface tension data obtained using the pendant 
drop method, see Figure 4.7. Due to the measurement error encountered later on only 
measurements taken up to 900 seconds were included in the fit. The value of the rate 
constant k was found to be 0.01201 s-1 with the fit having a correlation coefficient of 
0.9476. The value of k reported here is greater than the rate constant of 0.00062 s-1 
obtained by Lumsdon et al. (2005) for an 8 mg L-1 solution of pure HFBII. However the 
value of rate constant would be expected to increase with increasing HFBII concentration, 
so a rate constant greater by a factor of 20 with a concentration increase of a factor of 34 
was not surprising, even though both concentrations were above the SSC of the protein. 
  
Figure 4.7 Comparison of average dynamic and equilibrium surface tension of HFBII 
containing fermentation broth. Dynamic surface tension measured by pendant drop (), 
see Figure 4.2, and maximum bubble pressure (), see Figure 4.5, methods. Error bars 
show standard error 
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4.2.4 Surface pressure – area isotherms 
Surface pressure-area (π-A) isotherms were obtained using a NIMA 302A 
Langmuir trough (Coventry, UK), with two movable barriers allowing the monolayer to be 
compressed symmetrically. Surface pressure-area isotherms were obtained for stearic acid, 
as a model test molecule, and for HFBII fermentation broth. 
4.2.4.1 Stearic acid surface pressure-area isotherms 
Stearic acid π-A isotherms were obtained by spreading 35 µL of 0.983 mg mL-1 
stearic acid in chloroform onto the subphase and allowed to equilibrate. Typically it took 
15-20 minutes after spreading for the solvent to evaporate and for the surface pressure to 
return to 0 mNm-1. The monolayer was compressed at a barrier speed of 10 cm2 min-1, 
giving a compression rate of 6.9 Å2 molecule-1 min-1. 
Figure 4.8 shows the π-A isotherm obtained for stearic acid on a pure water sub-
phase. Shown in grey is a compression cycle completed before spreading any surface 
active molecules onto the subphase, with the zero surface pressure across all molecular 
areas confirming the absence of any surface contamination. The stearic acid isotherm 
shown in Figure 4.8 displays typical behaviour, with three phase transitions observed. At 
high molecular areas the stearic acid molecules existed as a “gas” with no intermolecular 
interactions taking place. As the area per molecule was decreased to 28 Å2 molecule-1 a 
change in behaviour was seen with surface pressure increasing linearly, from 0 mN m-1 to 
24 mN m-1, with reducing molecular area. After this “liquid” phase a second transition was 
observed at a molecular area of 22 Å2 molecule-1. At the transition the gradient of the 
isotherm sharply increased, meaning that even small changes in the area per molecule 
resulted in a large change in surface pressure. At this point the stearic acid molecules were 
close packed into a surface monolayer, with small changes in the area per molecule 
corresponding to large increases in surface concentration. This “solid” phase behaviour 
continued until the monolayer collapsed at a surface pressure, πc, of 54 m Nm-1 at a mean 
molecular area of 22 Å2 molecule-1. From the π-A isotherm a zero pressure area of 23 Å2 
molecule-1 was found, representing the size of the stearic acid molecule.  
The general trend of the stearic acid π-A isotherm shown in Figure 4.8 is the same 
as those presented by Nutting and Harkins (1939) and Quintana and Owens (1969). The 
zero pressure area of 23 Å2 molecule-1, measured here, is comparable to the value of 
21 Å2 molecule-1 reported by Martin and Szablewski (2001) and in closer agreement with 
the value of 24 Å2 molecule-1 reported by Nutting and Harkins (1939).  
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4.2.4.2 HFBII fermentation broth surface pressure-area isotherms 
The behaviour of HFBII fermentation broth π-A isotherms was less well defined 
than that of the stearic acid system, with the π-A isotherm shown in Figure 4.9(a). The 
HFBII fermentation broth used in surface pressure measurements was obtained from 
Unilever R&D, Vlaardingen, NL, and was sonicated before use to ensure the dissolution of 
any protein aggregates. HFBII fermentation broth π-A isotherms were formed on an acetate 
buffer subphase, pH 5, with 30 µL of 2 g L-1 HFBII fermentation broth spread onto the 
subphase. After spreading the surface was allowed to equilibrate for 20 minutes before the 
monolayer was compressed at rate of 9.6 Å2 molecule-1 min-1, until collapse was observed. 
After spreading the HFBII fermentation broth onto the subphase the surface pressure did 
not return to 0 mN m-1, due to the presence of an unknown quantity of surface active 
species in the fermentation broth, besides the hydrophobin protein. Typically the surface 
pressure remained at 25 mN m-1 even after being left to equilibrate for an hour. The high 
initial surface pressure was due to molecules adsorbing to the air-buffer interface, which 
had to be displaced by the HFBII molecules as the monolayers were formed. 
Figure 4.9(a) shows the HFBII fermentation broth π-A isotherm exhibited 
behaviour characteristic of a “gas” phase until a mean molecular area of 250 Å2 molecule-1, 
from which point the surface pressure rose smoothly with decreasing molecular area, 
indicating “liquid” phase behaviour. The HFBII fermentation broth monolayer collapsed at 
a high surface pressure of around 60 mN m-1. However the collapse of the HFBII 
monolayer was gradual compared to the sharp, defined, collapse point of the stearic acid 
monolayer, see Figure 4.8. Whilst approaching the collapse point the rate of surface 
pressure increase declined, showing that collapse of the monolayer and the expulsion of 
molecules into the subphase, happened incrementally from a mean area of 
175 Å2 molecule-1.  
HFBII fermentation broth monolayer compression and expansion cycles are shown 
in Figure 4.9(b), where arrows indicate the direction of the compression and expansion 
parts of the cycle. The solid line shows the first compression-expansion cycle, with the 
monolayer being compressed to a surface pressure of 50 mN m-1, i.e. below the collapse 
pressure, and subsequently expanded and re-compressed, dashed line Figure 4.9(b). Both 
π-A isotherms show similar trends, with ‘liquid’ phase behaviour from a mean molecular 
area of approximately 275 Å2 molecule-1, with hysteresis observed. After the first 
compression cycle there was a shift towards lower molecular areas, with lower surface 
pressure, suggesting that HFBII aggregates formed during the first monolayer compression 
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cycle did not dissociate when the monolayer was expanded. This is consistent with 
knowledge of the self-assembly of HFBII (Wessels 2000; Linder 2009). 
The behaviour of HFBII fermentation broth π-A isotherms presented here in Figure 
4.9 was similar to those of pure HFBII reported in the literature. The general shape and 
trend of the HFBII fermentation broth π-A isotherm shown in Figure 4.9(a) is similar to 
those found by Paananen et al. (2003) and Blijdenstein et al. (2010) for pure HFBII, 
suggesting that even in the presence of the other surfactants in the fermentation broth 
HFBII adsorbs to the interface and dominates the surface behaviour. Blijdenstein et al. 
(2010) report that the first “bend” in the π-A isotherm was observed at a surface pressure of 
20 mN m-1 and an area per molecule of approximately 400 Å2, this is a much greater area 
per molecule than the point at which similar behaviour was observed for the HFBII 
fermentation broth π-A isotherm, which can be explained by the differing pH values of the 
subphase used. This same difference was commented on by Blijdenstein et al. (2010) in 
reference to the experiments conducted by Paananen et al. (2003) where the subphase was 
at pH 5. The zero pressure area for HFBII was found to be 387 Å2 molecule-1 by Paananen 
et al. (2003), which differs slightly from the value for the HFBII fermentation broth of 
260 Å2 molecule-1 reported here. As well as the effect of pH the variation in molecular area 
could also be caused by interactions between the HFBII molecules and other surface active 
species in the fermentation broth. For comparison the dimensions of a crystallised HFBII 
molecule are 24 × 27 × 30 Å (Hakanpää et al. 2004a). However at the air-water interface 
HFBII molecules assemble into films with a hexagonal unit cell with a lattice constant of 
56 Å. Each unit cell assembly contains six HFBII molecules and has an area of 8148 Å2, an 
order of magnitude greater than the zero pressure molecular areas measured experimentally 
(Basheva et al. 2011; Kisko et al. 2009). However there is some agreement between the 
zero pressure molecular area and the size of the hydrophobic patch on the HFBII molecule, 
400 Å2 (Hakanpää et al. 2006). The monolayer collapse pressure of 60 mN m-1 is in 
agreement with the identical value reported by Blijdenstein et al. (2010) and slightly higher 
than the collapse pressure of 50 mN m-1 found by Paananen et al. (2003). 
Both Paananen et al. (2003) and Blijdenstein et al. (2010) observed a hysteresis 
effect upon repeated compression and expansion of pure HFBII monolayers, noting that 
after the first compression-expansion cycle the area per molecule was reduced at a given 
surface pressure. Paananen et al. (2003) postulated that the shift in area per molecule upon 
compressing the monolayer for a second time was due to the formation of protein 
aggregates which did not disassemble on expansion of the monolayer. This hypothesis is 
consistent with results shown here in Figure 4.9(b).  
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Figure 4.8 Surface pressure-area (π-A) isotherm for stearic (octadecanoic) acid on a 
pure water subphase 
a) HFBII surface pressure-area (π-A) isotherm 
b) Compression and expansion cycles of HFBII. Solid lines first cycle, dashed line 
second cycle 
Figure 4.9 Surface pressure-area isotherms of HFBII on an acetate buffer subphase 
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4.3 Foaming properties of HFBII containing fermentation broth
4.3.1 Foam stability
The stability of gas
qualitatively assessed in two ways; by visually imaging the foam over time and using 
multiple light scattering to determine the amount of light transmitted through and 
backscattered from the foam as it aged. Foam for both these experiments was created from 
antifoam free fermentation broth produced at The University of Manchester 
(Fermentation 8), which contained 270
described in Chapter 
bubble radius were generated using a hand held electric mixer. Freshly made foam was 
transferred to glass vials, 70
or analysis carried out using a Turbiscan (Fullbrook Systems, UK) to track foam
over time.  
The time evolution of foamed HFBII fermentation broth is shown in 
with images taken immediately after foam formation as well as af
month. Samples were stored at 4
Figure 4.10 shows that after initial liquid drainage the 
extremely stable with no collapse observed after a period of one month and very little 
coarsening evident. These findings are consistent with the known surface properties of 
HFBII, with the high dilatational surface elasticity r
disproportionation, the growth of large bubbles at the expense of small bubbles by gas 
diffusion due to differences in internal bubble (Laplace) pressure 
Cox et al. 2007a). 
  
Figure 4.10 
a) t = 0
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-liquid foams generated from HFBII fermentation broth was 
 mg L-1 HFBII, using the standardised method 
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Figure 4.11 shows the transmission of light at 180° from the incident and 
backscattering at 45° from the incident from a HFBII fermentation broth foam sample over 
time. The Turbiscan scanned the sample over its full height every 15 minutes for 12 hours, 
with the time intervals indicated by the colour coding in Figure 4.11. Each colour band 
corresponds to 50 minutes, with colours progressing in spectrum order. From Figure 4.11 it 
is clear that over 12 hours the foam did not change significantly i.e. the mean bubble size 
and the size distribution remained constant. There was an increase in transmission at the 
bottom of the sample over time, reaching 10 % transmission at a height of 5 mm, 
corresponding to the accumulation of liquid at the bottom of the sample as liquid drained 
from the foam, indicating that the liquid fraction of the foam decreased over time as 
expected, Figure 4.11(a). This accumulation of liquid at the bottom of the sample was also 
seen in photographic images of similar foam samples shown in Figure 4.10. Over the rest 
of the foam sample, from 5 to 55 mm, no transmission was recorded, suggesting that the 
interconnected network of Plateau borders and gas bubbles scattered all light incident on 
the bulk of the foam, Figure 4.11(a). The backscattering of light from the foam sample was 
constant at 80 % over time from a height of 5 to 55 mm and fell off at the bottom of the 
sample in a manner consistent with the local increase in transmission due to liquid 
drainage, see Figure 4.11(b). The constant backscattering over time confirms the result of 
visual observations of aging HFBII foams, namely that the mean bubble size didn’t change 
as little disproportionation occurred. 
The high stability of HFBII fermentation broth foams observed here has been 
previously reported on by Cox et al. (2007a) and Tchuenbou-Magaia et al. (2009) for 
foams and emulsions generated from solutions of pure hydrophobin. The foams generated 
Figure 4.11 Transmission and backscattering of light (λ=880 nm) from HFBII 
fermentation broth foam over sample height 
a) Transmission profile b) Backscattering profile 
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from 0.1 % (wt) HFBII solutions by Cox et al. (2008) were found to be stable over a period 
of several months, when kept refrigerated. The same stability observed here for the HFBII 
fermentation broth demonstrates that the HFBII molecules are able to absorb to the air-
water interface in the presence of other surface active species, and once there determine the 
rheological properties of the surface. In this case the high surface elasticity the 
hydrophobin imparts to the interface slowed the rate at which disproportionation took place 
in the foam, making it extremely stable. 
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4.3.2 Forced foam drainage 
The characterisation of the drainage behaviour of foams generated from HFBII 
fermentation broth was carried out by conducting forced drainage experiments, 
investigating the steady state drainage of quasi one-dimensional gas-liquid foams. 
Experimental techniques were adapted from those reported by Neethling et al. (2002) and 
Weaire et al. (1993) and developed working with a single component surfactant solution of 
the cationic surfactant cetylpyridinium chloride (CPC), at a concentration of 1.2 mM. In 
HFBII fermentation broth drainage experiments broth with a HFBII content of 108 mg L-1, 
equivalent to 15 µM or 40 times the SSC, was used. The basic experimental method 
involved situating a glass column vertically in a surfactant reservoir and generating foam 
in the column by sparging air at a low flowrate through a hypodermic needle, creating a 
foam of uniform bubble size. The liquid fraction of the foam was then allowed to reach 
equilibrium over several minutes, before further surfactant solution was drained through 
the foam at a constant rate (jd) from the top of the column. The method is described in full 
in Chapter 3, Section 3.5. As liquid drained through the foam two distinct regions were 
observed; a wet zone behind the propagating wet front and a dry zone ahead of the wet 
front. The velocity of the wet front (Vf) was measured as it travelled down the foam 
column. The wet front velocity and the superficial drainage velocity (jd) are related to the 
liquid fraction (ε) by the following relationship, Equation 4.3; 
 ε	=	
jd
Vf
 
(4.3) 
Following the analysis of Stevenson (2006) the liquid fraction (ε) can be related to 
foam drainage behaviour via a Stokes type number and two constants, see Equation 4.4; 
 
Sk	=	mεn where; Sk		=	 µjd
ρgrb
2 (4.4) 
where Sk is the Stokes type number, ε is the liquid fraction, m and n are experimentally 
determined dimensionless constants, µ is the dynamic viscosity, jd is the superficial 
drainage velocity, ρ is the density of the surfactant solution, g the acceleration due to 
gravity and rb is the representative average bubble radius. 
For forced drainage experiments using foam generated from 1.2 mM CPC solution 
foams of two different bubble sizes, rb = 1.8 mm and rb = 1.9 mm, were investigated. 
Bubble size was controlled by altering the rate at which air was sparged through the 
surfactant solution when creating the foam. After a sufficient foam height was reached the 
foam was allowed to equilibrate for two minutes; adequate time for the initial liquid 
fraction to reduce to nearly zero, whilst short enough to ensure little foam collapse 
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occurred. The same 1.2 mM CPC solution was then drained through the dry foam at a 
range of different flowrates, six in total, see Table 4.2, and the velocity of the wet front 
determined by visually tracking the progress of the wet-dry foam interface down the foam 
column over time.  
Table 4.2 Forced drainage experiment flowrates and corresponding superficial drainage 
velocities 
Experiment 
number 
Drainage 
flowrate 
Superficial 
drainage 
velocity ( jd) 
mL min-1 mm s-1 
1 9.6 0.28 
2 10.8 0.31 
3 15.6 0.45 
4 17.0 0.50 
5 44.5 1.29 
6 69.9 2.03 
 
The results from the forced drainage of CPC foam are shown Figure 4.12. The wet 
front velocity (Vf) was directly measured during experiments with the variation of Vf with 
superficial drainage velocity (jd) for two different bubble radii shown in Figure 4.12(a). Vf 
was found to increase with increasing jd and a shift to greater values of Vf was observed for 
the larger bubble radius data set at a given jd. Vf was always an order of magnitude greater 
that the corresponding jd, indicating that the liquid fraction of the draining foam was 
always much less than unity. Second order polynomials were fitted to the data in Figure 
4.12(a) with correlation coefficients of 0.9833 and 0.9783 for the rb = 1.8 mm and 
rb = 1.9 mm data sets respectively. The general trends observed in Figure 4.12(a) are 
similar to those reported by Neethling et al. (2002) for solutions of sodium dodecyl 
sulphate (SDS) and tetradecyltrimethyl ammonium bromide (TTAB).  
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Equation 4.4 was used to calculate the liquid fraction (ε) of the draining foam, 
using the experimentally determined Vf values. A range of ε from 0.02 to 0.08 over a range 
of Vf values from 14 mm s-1 to 33 mm s-1 were found, see Figure 4.12(b). Following the 
dimensional analysis presented by Stevenson (2006) values of Stokes number (Sk) were 
calculated for data at both bubble sizes, with non-dimensionalised liquid drainage rate data 
shown in Figure 4.12(c). Plotting Sk against ε the data for both bubble radii collapsed into 
one trend of increasing Sk with increasing ε. By fitting a power law relationship to the 
Stokes number against liquid fraction data shown in Figure 4.12(d) the values of m and n 
were calculated for CPC foam. It was found that m = 0.00397 and n = 1.61 giving the 
following dependency of Sk on ε;  
 Sk	=	0.00397ε1.61 (4.5) 
The correlation coefficient of the fit presented in Figure 4.12(d) is 0.9445, 
suggesting that the power law relationship was a good fit to the experimental data. 
a) Velocity of wet front (Vf) versus 
superficial drainage velocity (jd) 
b) Velocity of wet front (Vf) versus 
liquid fraction (ε) 
d) Liquid fraction (ε) versus stokes 
number (Sk) showing a power law fit to 
all data 
c) Liquid fraction (ε) versus stokes 
number (Sk) 
Figure 4.12 Forced drainage data for cetylpyridinium chloride (CPC) foam 
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Stevenson (2006) non-dimensionalised the experimental liquid drainage data of Neethling 
et al. (2002) and found values of m and n that are broadly comparable to those reported 
here for CPC. For a full summary of liquid drainage results see Table 4.3. 
HFBII fermentation broth forced drainage experiments were conducted following 
the same methodology as per the CPC liquid drainage experiments, with the same drainage 
rates, given in Table 4.2, being used. The results of forced drainage of HFBII fermentation 
broth foam are given in Figure 4.13, where data is presented in a format consistent with the 
CPC liquid drainage results shown in Figure 4.12. The observed variation of Vf with jd is 
shown in Figure 4.13(a) for two different bubble radii. It was easier to visually track the 
wet front in HFBII fermentation broth experiments due to the colour of the broth providing 
extra visual contrast. As for liquid drainage in CPC foam there was shift to higher values 
of Vf at a given jd for larger gas bubbles. The second order polynomial fit to each data set 
had correlation coefficients of 0.9956 and 0.9738 for rb = 0.6 mm and rb = 0.8 mm 
respectively. The onset of convective instability prevented the acquisition of a final data 
point, jd = 2.03 mm s-1, in the rb = 0.6 mm data series. Hence there are only 11 data points 
in Figure 4.13(a-d) compared to the 12 data points in Figure 4.12(a-d). The calculated ε at 
each Vf is shown in Figure 4.13(b), where a range of ε between 0.02 and 0.06 was found, 
indicating that at a given jd the HFBII fermentation broth foam was slightly drier than the 
CPC foams previously studied. 
For HFBII fermentation broth foam the data for both bubble sizes collapsed down 
into one trend when non-dimensionalised and plotted for both bubble sizes, see Figure 
4.13(c). The following dependence of Stokes number on liquid fraction was found from the 
fit to data shown in Figure 4.13(d);  
 Sk	=	0.106ε2.08 (4.6) 
The correlation coefficient for the power law fit is 0.7692, lower than in the 
previous experiments with CPC foam. This lower correlation coefficient is not surprising 
given the scatter evident in Figure 4.13(d). It was observed during the formation of foam 
from the HFBII fermentation broth that the foam was more polydisperse than the CPC 
foams, which were approximately monodisperse as required. This polydispersity may 
account for the scatter in the experimental data as the analysis involves non-
dimensionalising the data by the square of a single representative length scale, if bubbles 
of significantly different radii exist in the foam sample this will prevent the data from 
collapsing into one trend when plotted as Sk versus ε, as in Figure 4.12(d). For ease of 
comparison the data shown in Figure 4.13(d) are the same as that in Figure 4.13(c) with the 
axes re-scaled to match the axis scale used for CPC data shown in Figure 4.12(d). The 
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fermentation broth also contained a complex mixture of different surfactants and it is 
possible that at different drainage rates, and hence foam column residence times, different 
surfactants affect the drainage behaviour of the foam. One further complication arises from 
the insight into HFBII adsorption gained from the dynamic surface tension data presented 
in Section 4.2.2, it is not known for a given drainage rate how much HFBII is adsorbed to 
the air-water interface, i.e. to the gas bubbles in the foam.  
Table 4.3 shows the m and n values for various surfactants reported in the literature, 
as well as the results from forced drainage experiments described in this Chapter. It is 
apparent that changing the surfactant concentration changed the drainage behaviour of the 
foam in question, as shown by the greater n value for SDS at 10 mM compared to the value 
at 8 mM. This dependence on surfactant concentration was expected as m and n are 
empirical constants that capture information about the surface shear viscosity at the air-
water interface and the viscous losses at the vertices where Plateau borders meet, and these 
characteristics vary with surfactant concentration. The measured n value for HFBII of 2.08 
is broadly similar to the other values of n for other surfactants shown in Table 4.3. 
However the m value for the HFBII fermentation broth is much greater than for other 
surfactants, by at least a factor of six and by a factor of 27 compared to CPC.  
The greater values of m and n for HFBII fermentation broth suggest that the HFBII 
fermentation broth foams drained faster than those of CPC or SDS at the concentrations 
reported in Table 4.3, which were all at or above the CMC (SSC in the case of HFBII, see 
Section 4.2.1). This is counterintuitive as it might be expected that liquid drainage would 
be slower in foams stabilised by a more surface active species, such as HFBII. One 
possible reason for this non-intuitive result lies in the method used to generate foam. As 
seen in Section 4.2.2 HFBII molecules take around 900 seconds to fully adsorb to the 
bubble interface in the presence of other surface active species. When foam was generated 
in forced drainage experiments individual air bubbles rose through a shallow reservoir of 
fermentation broth, with a residence time of a few seconds over which adsorption could 
occur. This makes it unlikely that the adsorbed layer at the bubble surface was comprised 
only of HFBII and difficult to know its exact composition. The result being that the 
m and n values measured most likely correspond to a foam stabilised by a mixture of 
surface active species. 
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Table 4.3 Comparison of m and n values for different surfactant solutions. 1Data obtained 
by Stevenson et al. (2007) using NMRI. 2Data of Neethling et al. (2002) analysed by 
Stevenson (2006). 3Experimental data presented in this thesis 
Surfactant 
Surfactant 
Concentration m n 
mM - - 
SDS1 10.126 0.016 2.00 
SDS2 8.081 0.012 1.74 
TTAB2 3.510 0.013 1.78 
CPC3 1.200 0.00397 1.61 
HFBII3 0.015 0.106 2.08 
 
 
 
 
 
 
 
a) Velocity of wet front (Vf) versus 
superficial drainage velocity (jd) 
d) Liquid fraction (ε) versus stokes 
number (Sk) showing linear fit of all 
data, solid line. Dashed line CPC data, 
see Figure 4.12 
b) Velocity of wet front (Vf) versus 
liquid fraction (ε) 
c) Liquid fraction (ε) versus stokes 
number (Sk) 
Figure 4.13 Forced drainage data for foam generated from fermentation broth 
containing hydrophobin protein 
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4.4 Foam fractionation 
A series of foam fractionation experiments were conducted, with the aim of 
determining the effect of foam fractionation operating conditions on the recovery and 
enrichment of HFBII from antifoam and cell free fermentation broth. Results from a series 
of six foam fractionation experiments are presented here, as well as results from an initial 
proof of concept test. The first foam fractionation experiment was conducted to test the 
suitability of foam fractionation for separation of HFBII from fermentation broth and 
establish sampling and analytical procedures. Subsequently a set of six experiments, in 
which the foam column feed rate and air flowrate were systematically varied, were carried 
out and the effect of process parameters on HFBII separation studied.  
Foam fractionation was carried out according to the method described in Chapter 3, 
Section 3.6, with the process operated in a continuous ‘stripping’ mode (Lemlich 1968a). 
Antifoam free HFBII fermentation broth was fed into a ‘J-tube’ glass foam column of 
internal diameter, D, 52 mm, exposed height, H, 350 mm and working liquid level, z, 
40 mm, see Figure 4.14. Air was sparged through the pool of fermentation broth in the 
bottom of the column creating an overflowing foam. At the top of the column foam was 
collapsed by a mechanical foam breaker and enriched foamate collected. Surfactant 
depleted bottoms left the column via an exit port, in such a way that a constant liquid level 
was maintained. HFBII concentration in the surfactant rich foamate and lean bottoms was 
measured with reverse phase HPLC, see Chapter 3, Section 3.7.5.2. The surfactant 
composition of fractionated fermentation broth was further studied through measurement 
of the dynamic surface tension of foamate and bottoms using the pendant drop method. 
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Figure 4.15 Initial foam fractionation experiment foamate HFBII concentration 
Figure 4.14 Foam fractionation apparatus 
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Results from an initial foam fractionation experiment, designed to verify the 
suitability of foam fractionation for the recovery of HFBII from fermentation broth, are 
shown in Figure 4.15. Fermentation broth was continuously fed to the foam column at a 
rate of 10 mL min-1 and air sparged through a sintered glass disk, porosity No.3, at 
1000 cc min-1. These initial foam column operating conditions were selected to be 
consistent with other foam fractionation experiments being conducted within the research 
group (Martin et al. 2010) and, in the case of the feed flowrate, to give experiments 
adequate duration with the limited quantities of fermentation broth available. The 
experiment was run for one hour, with samples taken every ten minutes and analysed for 
HFBII content by HPLC using the method described in Chapter 3, Section 3.7.5.2. The 
final quantities of foamate and bottoms collected were directly measured using an 
analytical balance.  
Figure 4.15 shows that the HFBII concentration in the foamate increased over time, 
from an initial concentration in the fermentation broth of, 27.6 mg L-1, to 111.4 mg L-1 
after one hour of foam fractionation, giving an enrichment of 4. HFBII partitioned into the 
foam from the start of aeration, with a HFBII concentration of 70.0 mg L-1 in the first 
foamate sample taken after ten minutes. In total 37.6 g of foamate were collected along 
with 521.2 g of bottoms, giving a HFBII recovery in the foamate of 27 %. These initial 
findings suggested that foam fractionation could be successfully applied to recover HFBII 
from fermentation broth. 
On the basis of the successful trial of foam fractionation and confirmation that the 
process could be applied to strip HFBII from antifoam free fermentation broth, a further 
six foam fractionation experiments were conducted. The foam column operating conditions 
chosen for the series of experiments are shown in Table 4.4, along with the calculated 
superficial gas velocity (jg), feed velocity (js) and the measured average superficial liquid 
velocity (jf). All foam fractionation experiments were done using antifoam free 
fermentation broth with a HFBII content of 107.6 mg L-1, produced in Fermentation 13. 
Fermentation broth was stored at -18°C and defrosted prior to use, the dissolution of any 
protein aggregates being ensured by sonicating the broth for ten minutes immediately 
before beginning each experiment. Samples of foamate and bottoms were taken every ten 
minutes and the quantities of foamate of bottoms collected were continuously recorded 
using digital balances (Ohaus, CH) connected to a custom data logging program. At the 
end of each foam fractionation experiment final samples of foamate and bottoms were 
taken and the dynamic surface tension measured using the pendant drop method, see 
Section 4.2.2.1. 
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Table 4.4 Foam fractionation operating conditions and experimentally determined 
superficial liquid velocity 
Experiment 
Air 
flowrate 
Feed 
flowrate 
Calculated 
superficial 
gas velocity 
(jg) 
Calculated 
superficial 
feed velocity 
(js) 
Measured 
average 
superficial liquid 
velocity (jf) 
cc min-1 mL min-1 mm s-1 mm s-1 mm s-1 
FF1 600 10 4.71 0.078 0.015 
FF2 600 20 4.71 0.157 0.145 
FF3 600 40 4.71 0.314 0.023 
FF4 300 10 2.35 0.078 0.003 
FF5 300 20 2.35 0.157 0.012 
FF6 300 40 2.35 0.314 0.002 
 
The results of dynamic surface tension measurements for each foam fractionation 
experiment are given in Figure 4.16. It can be seen from the dynamic surface tension data 
that the foam column operating conditions had an effect on the separation that occurred. 
The dynamic surface tension of the foamate and bottoms collected from foam fractionation 
experiment 1 (FF1) is shown in Figure 4.16(a). Foam fractionation was run for 
180 minutes with a feed flowrate of 10 mL min-1 and an air flowrate of 600 cc min-1. It is 
clear that foam fractionation changed the composition of the foamate and bottoms in 
comparison to the original fermentation broth feed. Figure 4.16(a) shows that the surface 
tension of the FF1 bottoms was time invariant at around 65.0 mN m-1, with no drop in 
surface tension over time. The absence of the characteristic reduction in surface tension 
over time, as previously observed for HFBII fermentation broth, see Figure 4.3, suggests 
that HFBII was not present in the FF1 bottoms. The foamate dynamic surface tension 
shown in Figure 4.16(a) exhibits two features which show that surface active species were 
enriched in the foamate and that HFBII was stripped from the fermentation broth by foam 
fractionation. Firstly the initial surface tension of the foamate was lower than that of the 
bottoms, 58.7 mN m-1 compared to 64.6 mN m-1, indicating that some low molecular 
weight surfactants with fast absorption kinetics were removed by foaming. Secondly, the 
surface tension reduced over time in a manner consistent with the absorption of HFBII to 
the air-water interface, reaching a final value of 47.6 mN m-1. 
The dynamic surface tension measurements of foamate and bottoms from FF2 are 
shown in Figure 4.16(b). In FF2 the feed flowrate was doubled to 20 mL min-1 and the air 
flowrate kept the same as for FF1. Due to the higher feed flowrate FF2 could only be run 
for 90 minutes before the supply of fermentation broth ran out. HFBII was present in the 
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bottoms and foamate from FF2, as shown by the fall in dynamic surface tension over time 
of both foamate and bottoms, Figure 4.16(b). The shapes of the two surface tension curves 
in Figure 4.16(b) are broadly similar, with the foamate surface tension curve shifted to 
lower values of surface tension, consistent with the expectation that foamate should be 
enriched with surface active species and the bottoms lean. The surface tension of the 
foamate fell from an initial value of 58.9 mN m-1 to 38.9 mN m-1 and the bottoms from 
66.6 mN m-1 to 52.9 mN m-1. 
Different behaviour to the previous two foam fractionation experiments was 
observed in FF3. A further increase in feed flowrate to 40 mL min-1 resulted in less 
separation occurring, with the initial surface tension of both foamate and bottoms being 
around 65.0 mN m-1. The dynamic surface tension of both samples was the same until two 
seconds, after which the surface tension of the foamate dropped quicker than that of the 
bottoms. The foamate surface tension attained a minimum value of 51.1 mN m-1 and the 
bottoms 56.6 mN m-1.  
Results from a further set of three experiments at a lower air flowrate of 
300 cc min-1 are shown in Figure 4.16(d), Figure 4.16(e) and Figure 4.16(f). In all three 
experiments the initial foamate surface tension was lower than in the previous three 
experiments at the higher air flowrate, being in the range 52.1-55.8 mN m-1. The lower 
initial foamate surface tension in all three experiments was probably due to there being 
more low molecular weight, mobile surfactant molecules in the foamate, which could 
quickly absorb to the air-water interface. These measurements suggest that the selectivity 
of the separation for HFBII was reduced at the lower air flowrate of 300 cc min-1. Figure 
4.16(d), Figure 4.16(e) and Figure 4.16(f) show that HFBII was present in both the bottoms 
and foamate of foam fractionation experiments FF4-FF6, with a steady reduction in 
dynamic surface tension over time seen in each case. In each experiment the foamate 
dynamic surface tension was always lower than that of the bottoms, with the foam 
fractionation process stripping surface active species from the fermentation broth 
effectively. 
Generally increasing the feed flowrate at a given air flowrate led to a less effective 
separation with a greater drop in the bottoms dynamic surface tension observed. The 
dynamic surface tension data shown in Figure 4.16 gives a strong indication that HFBII 
was present in the foamate samples taken, as at long times the measured dynamic surface 
tension values approached the equilibrium surface tension value of 42.6 mN m-1, see 
Figure 4.16(b), Figure 4.16(e) and Figure 4.16(f). 
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Attempts were made to quantify the HFBII content of the foamate and bottoms 
using HPLC, as for the initial foam fractionation experiment, see above. Despite several 
attempts it was not possible to determine the HFBII concentration in any of the foamate 
and bottoms samples obtained from the series of foam fractionation experiments. Samples 
were first analysed for HFBII content at The University of Manchester using a Dionex 
UltiMate 3000 HPLC system (Dionex, UK). Technical problems with the apparatus were 
encountered during this first attempt. Observed peak intensities were extremely low even 
for injections of pure standards of high HFBII concentration, 373.3 mg L-1. The low 
detector response was the primary cause of problems in the first attempt at determining the 
HFBII concentration in foam fractionation samples. To rectify problems the HPLC fluidics 
system was flushed with a range of polar and non-polar solvents, according to the 
manufacturer’s instructions, and the HPLC column backwashed. After these remedial steps 
were taken the foam fractionation samples were reanalysed, with inconsistent results being 
obtained.  
Following the difficulties with HPLC analysis of the foam fractionation samples 
encountered at The University of Manchester a second set of samples were prepared and 
sent to Unilever R&D, Colworth, UK for analysis. The HPLC analysis found no HFBII 
present in samples, but was not conclusive, again due to problems including blocking of 
the guard column and back pressure build up. It was suggested that incorrect sample 
preparation procedures were the cause of analytical difficulties encountered. Care was 
taken with sample preparation, with foamed material being frozen to collapse any foam 
bubbles, then defrosted and sonicated. These steps were taken to ensure that any HFBII 
adsorbed to the air-water interface was incorporated with the bulk solution and that 
samples were homogeneous before HPLC preparation. Foamed samples were then 
prepared for HPLC analysis by adding ethanol to a concentration of 60 %, to dissolve any 
protein aggregates. The full procedure followed is described in Chapter 3, Section 3.7.5.2, 
with the same, established method being used for preparation and HPLC analysis of 
fermentation samples without problems. Before the analysis of foam fractionation samples 
was carried out the HFBII content of fermentation broth samples had been successfully 
measured for multiple fermentations.  
 After the repeated failed attempts to quantify HFBII concentration in the foam 
fractionation samples several were re-analysed at The University of Manchester in 
sequence with fermentation samples from subsequent experimental work. Whereas HFBII 
was detected in the fermentation samples no peaks were observed in foamate samples. 
However a period of several months passed from when the foam fractionation experiments 
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were done to when this last HPLC analysis was carried out, with the effect of storage on 
samples being an unknown. In all previous experiments HPLC analysis was done within a 
week of sample preparation, typically within a matter of days. 
 One final possible explanation for the difficulties in detecting HFBII in foam 
fractionation samples using HPLC is that the protein was never present in the fermentation 
broth used. The HFBII content of the fermentation broth used in foam fractionation 
experiments was independently established by HPLC analysis carried out at Unilever R&D 
Vlaardingen, NL, where Fermentation 13 was conducted. It might have been expected that 
with the initial HFBII content of the fermentation broth would drop with repeated use, due 
to losses from adsorption to the foam column, tubing and other parts of the experimental 
apparatus. To minimise these losses the HFBII rich foam which remained in the column 
after each experiment was recovered by careful rinsing with fermentation broth. The 
recovered material was then subjected to freeze-thaw and sonication steps to breakdown 
any protein aggregates before the next experiment was undertaken. Given the known 
HFBII content of the fermentation broth from Fermetnation13 before foam fractionation 
experiments were conducted, the care taken to recover all potentially HFBII rich foam 
from experimental apparatus and the attention given to sample preparation it remains 
unclear what prevented HFBII quantification by HPLC for this given set of samples. 
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Figure 4.16 Dynamic surface tension measurements of HFBII containing fermentation 
broth after foam fractionation 
a) Foam fractionation 1 foamate 
and bottoms surface tension 
b) Foam fractionation 2 foamate 
and bottoms surface tension 
c) Foam fractionation 3 foamate and 
bottoms surface tension 
d) Foam fractionation 4 foamate 
and bottoms surface tension 
e) Foam fractionation 5 foamate and 
bottoms surface tension 
f) Foam fractionation 6 foamate and 
bottoms surface tension 
Chapter 4                                Fermentation Broth Characterisation and Foam Fractionation 
124 
 
4.5 Summary 
A range of different experimental techniques were applied to study the behaviour of 
HFBII fermentation broth at the air-water interface, with particular attention given to the 
behaviour of the hydrophobin protein in the presence of other surfactants in the broth. The 
nature of protein-surfactant interactions was also discussed, with the possibility of 
interactions occurring in the bulk solution accounting for the slightly higher equilibrium 
surface tension value of HFBII fermentation broth compared to pure HFBII. It was found 
that over long time frames, of the order of 900 seconds, HFBII molecules adsorbed to the 
air-water interface and determined the surface tension of fermentation broth solutions. In 
dynamic surface tension measurements made with the maximum bubble pressure method 
the rate of adsorption of HFBII to the bubble surface was demonstrated to be proportional 
to the HFBII concentration in the bulk solution. 
Surface pressure-area isotherms of HFBII fermentation broth were found to be 
similar to those of pure HFBII solutions reported in the literature (Blijdenstein et al. 2010; 
Paananen et al. 2003). Collapse pressures were in good agreement and evidence of 
irreversible protein aggregation was provided by results from repeated monolayer 
compression-expansion cycles. The fact that a shift to smaller molecular areas was 
observed for HFBII fermentation broth monolayers illustrates that HFBII molecules will 
self-assemble in the presence of other surfactant molecules, suggesting that they have a 
strong affinity for one another. 
The stability of pure HFBII foams reported by Cox et al. (2008) was also observed 
for HFBII fermentation broth foams, with little foam collapse observed in samples stored 
over a period of one month. Multiple light scattering confirmed that after liquid fraction 
equilibration foam samples were extremely stable and resistant to disproportionation, a 
characteristic attributed to the high surface dialational elasticity of the adsorbed protein. 
Forced drainage experiments offered a simple, useful way to characterise foam 
drainage behaviour and determine liquid fraction independently of bubble size, allowing 
for scale up. It was possible to non-dimensionalise data and describe the dimensionless 
form as a power law dependence of Stokes number on liquid fraction. The need for further 
development of a method for investigating the forced drainage of protein foams has been 
identified, with difficulties encountered due to the slow adsorption of protein molecules to 
the air-water interface when generating foams. 
This type of forced foam drainage data is particularly useful when trying to model 
foam fractionation and determine the rate of liquid overflow at the top of the foam column, 
as demonstrated by Ireland and Jameson (2007) and Martin et al. (2010). Tentative results 
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obtained from the model of foam fractionation with reflux developed by (Martin et al. 
2010) using the experimentally determined forced drainage parameters are described in 
Chapter 7, Section 7.2. 
The characterisation of the surface properties of HFBII fermentation broth 
presented in this Chapter broadly agrees with experimental findings reported in the 
literature. At equilibrium or after long periods of time had elapsed such that equilibrium 
was approached HFBII molecules absorbed to the air-water interface and once there 
determined the properties of the interface, despite any surfactant-protein interactions in the 
bulk and competitive adsorption processes at the air-water interface which may be 
occurring. 
The suitability of foam fractionation to strip HFBII from fermentation broth was 
demonstrated in an initial experiment in which HFBII concentration in the foamate was 
measured, with a HFBII enrichment of four being achieved. The potential to control the 
separation efficiency, in terms of both enrichment and recovery, was indicated by dynamic 
surface tension measurements of a range of foamed broth samples. These surface tension 
measurements showed that changes in surfactant composition of the foamate and bottoms 
could be controlled by varying the foam column operating conditions. The results in Figure 
4.16(a) show that species with slow absorption kinetics, i.e. HFBII, were effectively 
removed from the bottoms stream by foam fractionation, with no drop in the dynamic 
surface tension of the bottoms observed over time. It is believed that this is the first time 
that the effects of foam fractionation process conditions on the dynamic adsorption of 
surface active species has been demonstrated. Despite the lack of direct HFBII 
concentration measurements it is possible to infer that HFBII was stripped from the 
fermentation broth as demonstrated by the previously mentioned invariance of the bottoms 
dynamic surface tension over time in Figure 4.16(a). The utility of foaming for primary 
recovery of HFBII from fermenters is further assessed in Chapter 5, with results from an 
integrated HFBII production and foam fractionation process presented in Chapter 6. Due to 
the observed separation of slow adsorbing surface active species from fermentation broth 
in foam fractionation experiment 1 the operating conditions used were selected as the 
initial operating conditions for trials of the integrated foam fractionation process. 
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5 HFBII Production 
5.1 Introduction 
The results contained in this Chapter demonstrate the establishment of hydrophobin 
protein producing fed batch fermentations at The University of Manchester. Results from 
all fermentations with antifoam are shown in Section 5.2 and those without antifoam in 
Section 5.4. Fermentations were carried out in The University of Manchester, UK, at a 
working volume of 1.6 L, and at Unilever R&D, Vlaardingen, NL, at a working volume of 
10 L. The effect of process scale on HFBII production is discussed in Section 5.3. The 
yield of HFBII on dry matter was calculated for fermentations with antifoam and the 
fermentations characterised by the rate of HFBII production over time. 
The effects of foaming on fermentations without antifoam was closely studied and 
foaming behaviour was characterised in standard terms of the product enrichment and 
recovery achieved. Additionally, specific attention was given to the rate at which foam, 
product and biomass overflowed from the fermentation system in order to assess the utility 
of foam fractionation for HFBII recovery. A direct comparison of fermenter dry matter and 
HFBII production in fermentations with and without antifoam is given in Sections 5.5. 
Complete results from relevant fermentations, in which HFBII was produced, with and 
without antifoam are given in Table 5.1. Hydrophobin enrichment values are reported only 
for experiments in which foaming occurred, Fed batch Fermentation 8 and Unilever 
Fermentation 13. 
5.2 Fermentations with antifoam  
The results from a total of eight fed batch fermentations with antifoam are 
presented, with seven conducted at The University of Manchester, UK and one carried out 
at Unilever R&D, Vlaardingen, NL. Fermentations lasted for 50-70 hours and all 
proceeded as was expected, with good microorganism growth occurring. HFBII production 
during the feed stage was limited in early fermentations but gradually improved as 
experimental procedures were refined. For Fermentation 5 an in depth study of the batch 
stage is presented, including glucose and ethanol concentration profiles. This study was 
completed to observe the switch from consumption of glucose to ethanol as the carbon 
source during fermentations and to verify ethanol depletion at the fed batch transition. The 
equipment used for online off gas analysis was acquired partway through the experimental 
programme, hence this data is only presented for fed batch Fermentations 6 and 7.  
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5.2.1 Fed batch fermentation 1 
Fed batch Fermentation 1 lasted for 50 hours and a small amount of HFBII was 
produced, reaching a final concentration of 11.7 mg L-1. Figure 5.1(a) shows the variation 
of fermentation control parameters throughout the whole of fed batch Fermentation 1. The 
air flow rate, temperature and pH were all controlled adequately, remaining at their 
setpoints, as described in Chapter 2, Table 3.8. Average values of dissolved oxygen, dO2, 
and stirrer speed are plotted in Figure 5.1(a), a time moving average being used to remove 
noise and extract the underlining trends in the data. The measured dO2 level in the 
fermenter is shown by the red line in Figure 5.1(a) and the corresponding stirrer speed by 
the black line. Immediately after inoculation the dO2 level dropped rapidly as the 
introduced microorganisms began to consume the dissolved oxygen present in the 
fermentation broth. Over the next seven hours the dO2 level continued to fall, with the 
stirrer speed gradually increasing, giving a rising oxygen mass transfer rate to meet the 
growing biological oxygen demand of the microorganism population. Eight hours after 
inoculation small inflections were observed in both dO2 and stirrer speed, corresponding to 
the lag which occurred as the glucose in the batch stage media was depleted. At this point 
the microorganism switched to utilising the ethanol produced in the first eight hours of the 
batch stage of the fermentation as the carbon source. The transition to fed batch took place 
11 hours after inoculation, however based on the results of off gas and ethanol analysis 
from later fermentations, see Sections 5.2.6 and 5.2.7, feeding was commenced too soon in 
Fermentation 1, hindering HFBII production. 
Microorganism growth during fed batch Fermentation 1 is illustrated in Figure 
5.1(b), which shows the increase in dry matter contained in the fermenter over time. The 
large gaps between data points in Figure 5.1(b) exist as samples were not taken overnight 
in fermentations carried out at The University of Manchester, UK, as no autosampler was 
available. The limitations presented by the data gaps were mitigated by staggering the 
timing of further fermentation experiments. Dry matter increased gradually throughout the 
fermentation reaching a maximum of 39.8 g kg-1. For comparison plots of dry matter over 
time for all fermentations with antifoam are shown in Figure 5.9(a). 
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a) Control variable data, fed batch fermentation 1 
b) Variation of dry matter over time, fed batch fermentation 1 
Figure 5.1 Fermentation results, fed batch fermentation 1, with antifoam 
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5.2.2 Fed batch fermentation 2 
Fed batch Fermentation 2 was terminated after 56 hours, although oxygen mass 
transfer became limiting overnight, after 49 hours of fermentation. Results from fed batch 
Fermentation 2 are summarised in Table 5.1. The main fermentation control parameters are 
plotted in Figure 5.2(a), where it can be seen that the temperature was maintained at 30°C 
throughout the fermentation and that aeration increased from 0.33 L min-1 to 1.00 L min-1 
at the transition to fed batch fermentation at 10.5 hours. pH control was problematic with a 
large drop in pH from the control setpoint of pH 5.0 to pH 3.1 evident between 22.5 and 35 
hours in Figure 5.2(a), resulting in suboptimal fermentation conditions. The drop in pH 
occurred due to blockage of the base addition line preventing automatic dosing of 
12.5 %(wt) ammonia into the fermenter overnight. The problem was rectified when 
sampling was resumed the next morning, with the pH quickly returning to the desired 
value. 
Average dO2 and stirrer speed are shown by the red and black lines respectively in 
Figure 5.2(a). After 49 hours of fermentation the dO2 level fell below 10 %, the lower limit 
for aerobic respiration, and stirrer speed saturated at 1000 rpm, representing the physical 
limit on oxygen mass transfer, marking the end of the fermentation. Figure 5.2(a) shows 
that dO2 fell rapidly after the fermenter was inoculated, with the same inflections in dO2 
and stirrer speed after eight hours, corresponding to the exhaustion of glucose supply, as 
seen for fed batch Fermentation 1, see Figure 5.1(a). The sharp dip in dO2 at 35 hours is 
due to the coincident rapid change in pH as the earlier control problem was rectified. The 
return of fermenter pH to its optimum value triggered a spike in microorganism metabolic 
activity, causing the dO2 level to fall. In Figure 5.2(a) it is also noted that the stirrer speed 
spikes at 35 hours, the control response to the surge in dO2 demand. 
The maximum dry matter attained at the end of Fermentation 2 was 40.7 g kg-1 with 
the increase of dry matter contained in the fermenter over time shown in Figure 5.2(b). 
Low levels of hydrophobin protein were produced in Fermentation 2, with a total 
production of 72.6 mg at a final concentration of 43.5 mg L-1 in the fermentation broth. 
The increase in HFBII concentration over time is shown in Figure 5.2(c). The yield of 
HFBII on dry matter was found to be 1.1 mg of protein per gram of dry matter in the 
fermenter. Fermenter hydrophobin concentration is plotted against dry matter for 
Fermentation 2 in Figure 5.10(a) with the gradient of the linear fit giving the yield of 
HFBII during the fed batch stage. HFBII production yields are discussed in more detail in 
Section 5.3 where all productive fermentations with antifoam are compared. 
  
Chapter 5   HFBII Production 
130 
 
 
  
a) Control variable data, fed batch fermentation 2 
Figure 5.2 Fermentation results, fed batch fermentation 2, with antifoam 
b) Variation of dry matter over time, 
fed batch fermentation 2 
c) HFBII production over time, 
fed batch fermentation 2 
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5.2.3 Fed batch fermentation 3  
Fed batch Fermentation 3 progressed in a similar manner to Fermentations 1 and 2, 
lasting 47 hours. Control parameters and the transition to fed batch after 10.5 hours are 
shown in Figure 5.3(a) with fermenter temperature, air flow rate and pH being properly 
controlled throughout the experiment. It is not clear what the cause of the local maxima in 
average stirrer speed and corresponding local minima in dO2 at 17.5 hours was, although 
this feature was also observed in previous fermentations, see Figure 5.1(a) and Figure 
5.2(a). 
Figure 5.3(b) shows that dry matter increased steadily during Fermentation 3 
reaching a maximum of 50.6 g kg-1 at the end of the fermentation, a total dry matter 
production of 69.6 g. Despite the slightly greater final dry matter concentration in 
Fermentation 3 compared to Fermentation 2 no detectable quantity of HFBII was 
produced. 
Figure 5.3(c) shows that over the batch stage of Fermentation 3 the dry matter 
steadily increased, after an initial lag phase of two hours. Also shown in Figure 5.3(b) is 
the glucose concentration in the media over the whole of the batch stage of Fermentation 3, 
which was measured using a GL6 Multiassay Analyser (Analox, UK). Initially the glucose 
concentration was 2.0 %, as would be expected from the media composition, see Chapter 
2, Table 3.3. It can be seen from Figure 5.3(c) that glucose uptake began immediately after 
inoculation of the fermenter and the concentration of glucose decayed exponentially 
throughout the batch stage of the fermentation, as the microorganism fermented the 
glucose present to ethanol. After eight hours all of the glucose initially present in the batch 
media had been consumed, with a residual glucose concentration of < 0.005 %. At this 
point the microorganism population began to utilise the previously produced ethanol as the 
carbon source, this switch gives rise to the small inflections in stirrer speed of dO2 after 
eight hours, see Figure 5.3(a).  
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a) Control variable data, fed batch fermentation 3 
b) Variation of dry matter over time, 
fed batch fermentation 3 
c) Batch stage dry matter () 
and glucose concentration (), 
fed batch fermentation 3 
Figure 5.3 Fermentation results, fed batch fermentation 3, with antifoam 
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5.2.4 Fed batch fermentation 4 
Fed batch Fermentation 4 ran for 49 hours without contamination, although no 
detectable amount of HFBII was produced. An image of the fermentation broth nine hours 
after inoculation showing healthy budding cells is given in Figure 5.4(a). Temperature and 
pH were maintained at their respective setpoints during Fermentation 4 and aeration was 
increased to 1.0 L min-1 at the transition to fed batch, 10.5 hours after inoculation, see 
Figure 5.4(b). Stirrer speed and dO2 behaved in the way described for previous 
fermentations with nothing unexpected observed. Throughout Fermentation 4 dO2 control 
parameters were tuned in an attempt to improve the response of the stirrer speed to 
variations in dO2, part of this control optimisation involved making a step increase in 
aeration rate to 1.5 L min-1 at 25 hours. The increased aeration rate had no negative effect 
on the fermentation, but led to lower stirrer speeds later on in the fermentation, due to the 
reduced need for agitation to enhance oxygen mass transfer as a result of their being more 
oxygen sparged through the broth. 
Figure 5.4(c) shows the increase in dry matter contained in the fermenter vessel 
over time for Fermentation 4. A maximum dry matter of 40.7 g kg-1 was reached in 
Fermentation 4, lower than in fed batch Fermentation 3 but comparable to the maximum 
dry matter attained in Fermentations 1 and 2. The similar trends in the batch stage profiles 
observed for all fermentations presented so far suggest that the low HFBII production was 
due to discrepancies in the fed batch stage of the fermentation or due to the influence of an 
unmeasured variable. 
In Figure 5.4(d) the decrease in glucose concentration over time is shown alongside 
the dry matter content of the fermenter. All glucose present in the batch media was 
consumed after eight hours, with dry matter increasing over this time. The glucose 
concentration profile obtained from Fermentation 4 follows a similar trend to that from 
Fermentation 3, see Figure 5.3(c). However there is variation in the initial glucose content 
of the media, 2.0 % in Fermentation 3 and 2.3 % in Fermentation 4 with this discrepancy 
being a consequence of the analytical technique used. The GL6 Multiassay Analyser 
(Analox, UK) measures the maximum rate of oxygen uptake during the enzymatic 
oxidation of glucose and at high glucose concentrations, such as those in the batch stage 
media, the high rate of reaction leads to inaccurate glucose concentration measurements. 
To improve accuracy samples were diluted before analysis with the compounded errors 
from the dilution and the determination of the oxygen uptake rate contributing to the 
observed variation in initial glucose concentration. Measurements are consistent within a 
series of readings and at lower glucose concentrations as evidenced by time to reach 
Chapter 5   HFBII Production 
134 
 
glucose limitation and similar dry matter values, indicating similar microorganism growth 
rates in Fermentations 3 and 4. 
 
  
b) Control variable data, fed batch fermentation 4 
c) Variation of dry matter over time, 
fed batch fermentation 4 
d) Batch stage dry matter () 
and glucose concentration (), 
fed batch fermentation 4 
Figure 5.4 Fermentation results, fed batch fermentation 4, with antifoam 
a) S.cerevisiae pUR9011#2, 9 hours after inoculation ×1000 magnification, fed batch 
fermentation 4 
Budding yeast cell 
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5.2.5 Fed batch fermentation 5 
To address the issue of low HFBII production in previous fermentations a detailed 
study of the batch stage of the process was undertaken in Fermentation 5 to identify 
possible causes of the limited productivity. Figure 5.5(a) shows the control parameter data 
for the first 20 hours of Fermentation 5 with temperature, pH and air flow rate following 
the expected trends.  
Analysis of the carbon dioxide, CO2, content of the fermenter off gas was 
undertaken in Fermentation 5 and glucose and ethanol concentration profiles were obtained 
offline using a GL6 Multiassay Analyser (Analox, UK) with samples being taken every 
hour for 11 hours, see Figure 5.5(b). During the first eight hours of the batch stage the 
amount of dry matter per kilogram of fermenter contents increased, with the falling glucose 
concentration indicating that alcoholic fermentation was taking place, see Figure 5.5(b). As 
glucose was fermented the ethanol concentration rose, reaching a maximum of 1.1 % in the 
fermentation broth. After eight hours of batch fermentation the amount of CO2 in the off 
gas peaked and dropped off rapidly as the metabolism of the microorganism switched, with 
the previously produced ethanol being consumed, as shown by the peak in ethanol 
concentration at eight hours in Figure 5.5(b). Over the next three hours of the batch stage 
the ethanol concentration reduced slowly, whilst the CO2 content of the off gas gradually 
increased as the metabolic rate of the microorganism population rose. Further discussion of 
off gas analysis is given in Chapter 6 where rates of oxygen consumption and carbon 
dioxide production are presented along with calculated respiratory quotient (RQ) values, 
giving further insight into the behaviour of the fermentation process. 
Taking Figure 5.5(a) and Figure 5.5(b) together it is apparent that the local peak in 
dO2 and dip in stirrer speed eight hours after inoculation are associated with the exhaustion 
of the glucose supply in the batch media and the maxima of the CO2 and ethanol plots seen 
in Figure 5.5(b). 
From Figure 5.5(b) it is clear that there is still a significant quantity of ethanol 
present in the fermentation broth at the fed batch transition, and starting the feed before all 
ethanol had been metabolised was the main reason for low HFBII production in earlier 
fermentations. The addition of feed whilst the microorganism population was still growing 
on ethanol would have resulted in an excess of glucose in the fermenter which in turn lead 
to the inhibition of galactose uptake and hence expression of the hfb2 gene, which is under 
the control of the GAL7 promoter, limiting HFBII production. 
For clarity Figure 5.5(c) shows the increase of dry matter over the batch stage of 
Fermentation 5 as presented for previous fermentations. The fall in glucose concentration 
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during the batch stage of Fermentation 5 and the increase in dry matter as the 
microorganism population grew is shown in Figure 5.5(d) for comparison to the similar 
plots given for Fermentations 3 and 4, see Figure 5.3(c) and Figure 5.4(c). The rate of 
glucose uptake was similar for all three fermentations, with the depletion of glucose taking 
an hour longer to drop to <0.005 % in Fermentation 5. However, Figure 5.5(b) shows that 
ethanol uptake began eight hours into Fermentation 5, which, as mentioned above, is 
consistent with the inflections in dO2 and stirrer speed seen after eight hours, Figure 5.5(a), 
and observed in all previous fermentations presented in this chapter.  
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a) Control variable data, fed batch fermentation 5 
b) Off gas analysis, ethanol and glucose concentration, shown 
over the batch stage of fed batch fermentation 5 
c) Variation of dry matter over time, 
fed batch fermentation 5 
d) Batch stage dry matter () 
and glucose concentration (), 
fed batch fermentation 5 
Figure 5.5 Fermentation results, fed batch fermentation 5, with antifoam 
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5.2.6 Fed batch fermentation 6 
Fed batch Fermentation 6 was carried out with small changes made to the 
fermentation method which had been followed in previous experimental work done at The 
University of Manchester, UK. Inoculum preparation was modified slightly, with the strain 
being quickly defrosted at room temperature, rather than being defrosted overnight at 4°C 
in a refrigerator, and determination of the fed batch transition time was achieved by 
measuring the off gas composition. This change resulted in delaying the start of feeding by 
approximately three hours compared to earlier fermentations, based on the ethanol 
concentration measurements taken in Fermentation 5. The fermentation ran for 48 hours, at 
which point the stirrer speed had saturated and the dO2 had dropped to less than 10 %, see 
Figure 5.6(a). It is seen in Figure 5.6(a) that pH and temperature are constant throughout 
the fermentation and that there was a step increase in aeration rate at the fed batch 
transition as required. Up to the fed batch transition the dO2 was, on average, controlled 
above the set point and later, during the feed phase, stirrer speed increased too slowly 
allowing the dO2 level to decrease gradually over time. The small peak in dO2 and 
corresponding local minima in stirrer speed seen eight hours after inoculation are due to 
the microorganism’s lag phase which occurred when the glucose supply was exhausted and 
ethanol metabolism began. 
Ethanol and glucose concentrations in the fermentation broth were measured over 
14 hours of the batch stage of Fermentation 6. Glucose limitation and the start of ethanol 
metabolism, which occurred eight hours into the fermentation, can be seen in Figure 
5.6(b); during the first eight hours of fermentation glucose present was consumed, ethanol 
produced and the production rate of carbon dioxide, rCO2, increased. Seven hours after 
inoculation rCO2 reached a maximum and then sharply dropped, indicating the switch of 
the microorganism from glucose to an ethanol carbon source, as confirmed by the 
coincident peak in ethanol concentration of 1.1% and reduction of glucose concentration to 
zero. The drop in rCO2 as the glucose supply was exhausted is similar to that observed in 
Unilever Fermentations 12 and 13, see Sections 5.2.8 and 5.4.2, where online mass 
spectrometry was used to determine off gas composition. The rate of oxygen consumption, 
rO2, increased throughout the batch stage as the number of viable cells increased. Feeding 
was started 14.25 hours after inoculation, with 384.5 g added in total. No foaming occurred 
during the fermentation due to the presence of antifoam in both the batch and feed media. 
With the addition of ethanol and off gas analysis it is clear that the peak in stirrer speed 
observed at around 17.5 hours in previous experiments corresponds to the point of ethanol 
depletion and should have been the point at which feeding is started. 
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The maximum dry matter attained at the end of Fermentation 6 was 56.4 g kg-1, 
giving a total dry matter of 79.1 g. The exponential increase in dry matter over time is 
shown in Figure 5.6(c), with gaps in the data being due to samples not being taken 
overnight. The maximum dry matter content reached in the fermenter was a significant 
improvement over previous fermentations carried out at The University of Manchester, as 
can be seen in Figure 5.9(a). This increase in dry matter compared with earlier results is 
due to optimisation of the fermentation method based on observations made whilst 
carrying out fermentation work at Unilever R&D, Vlaardingen, NL, August 2009, 
significantly the delay of the fed batch transition allowing ethanol to be completed 
consumed before starting the feed.  
The HFBII concentration at the end of the fermentation was found to be 
180.1 mg L-1, an improvement of a factor of four on the highest HFBII concentration of 
43.5 mg L-1 previously attained in Fermentation 2. A total HFBII production of 300.8 mg 
was achieved, although the trend could not be established as HFBII was not detected in 
samples taken from earlier in the fed batch stage, which could be due to the 14 hour gap 
(overnight) between samples being taken. Taking the end of fermentation dry matter and 
HFBII concentration values the overall yield of hydrophobin on biomass was found to be 
3.8 mg g-1 for Fermentation 6, a greater than threefold improvement on the overall yield of 
1.1 mg g-1 in Fermentation 2. The yield obtained in Fermentation 6 also compares 
favourably to the target value of 4.2 mg g-1, which was achieved in Unilever 
Fermentation 12. The results of Fermentation 6 are presented in Table 5.1 for comparison 
between fermentations with further discussion of hydrophobin yields given in Section 5.3. 
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a) Control variable data, fed batch fermentation 6 
b) Off gas analysis, ethanol and glucose concentration, shown 
over the batch stage of fed batch fermentation 6 
c) Variation of dry matter over time, 
fed batch fermentation 6 
d) Batch stage dry matter () 
and glucose concentration (), 
fed batch fermentation 6 
Figure 5.6 Fermentation results, fed batch fermentation 6, with antifoam 
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5.2.7 Fed batch fermentation 7 
Fed batch Fermentation 7 ran as expected with the transition to fed batch 
determined from online measurement of off gas composition. Complete results from fed 
batch Fermentation 7 are compared to those from other fermentations with and without 
antifoam in Table 5.1. Figure 5.7(a) shows that all fermentation parameters were controlled 
at their respective setpoints throughout the experiment and the average stirrer speed and 
dO2 followed a similar pattern to that exhibited in earlier fermentations. Feeding was 
started after 17 hours at which time the stirrer speed dropped from 780 rpm to 320 rpm, 
due to the drop in biological oxygen demand from the microorganism because of the total 
depletion of carbon sources in the batch media. 
To further improve fermentation performance the maximum stirrer speed limit was 
increased to 1500 rpm to delay the onset of oxygen limitation and prolong the 
fermentation. Increasing the maximum permissible stirrer speed in turn increased the 
maximum oxygen mass transfer rate that could be reached in the system, allowing the 
fermentation to run for a greater length of time than earlier experiments. The improved 
oxygen supply meant that the increased biological oxygen demand of a larger cell 
population could be supported and hence more feed could be added, leading to greater 
amounts dry matter in the fermenter vessel and hence greater HFBII production. Due to the 
exponential feeding profile used the latter stages of fermentation are the most productive 
meaning a small increase in total fermentation time lead to drastically improved 
production. 
Off gas analysis with online data logging was used to determine the fed batch 
transition. After the ethanol produced at the beginning of the batch stage was consumed no 
other carbon source was present and the rate of oxygen consumption, rO2, and carbon 
dioxide production, rCO2, fell sharply, see Figure 5.7(b). At the point of ethanol depletion 
feeding was started with 650.0 g of feed added over whole fermentation.  
The results of online off gas analysis are given in Figure 5.7(b). Over the batch 
stage of Fermentation 7 rCO2 went through two peaks; initially rCO2 increased rapidly as 
glucose fermentation took place, evolving carbon dioxide and producing ethanol. Glucose 
limitation was reached after 7.5 hours at which point rCO2 dropped due to the change in 
reaction stoichiometry as the microorganism population began ethanol metabolism, with 
rO2 increasing at a greater rate until all carbon sources had been consumed after 17 hours. 
During the fed batch stage of the fermentation rCO2 and rO2 increased exponentially, 
tracking the feed profile and hence the growth of the cell population in the fermenter 
vessel. 
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Figure 5.7(c) shows the increase of fermenter dry matter over time, with a 
maximum of 64.0 g kg-1 being attained after 59 hours, much higher than in previous 
fermentations. The corresponding HFBII production trend is shown in Figure 5.7(d), with 
HFBII first detected after 36 hours at a concentration of 46.2 mg L-1 and produced 
throughout the fed batch stage, increasing to a final concentration of 260.0 mg L-1, attained 
at the end of Fermentation 7. In total 434.2 mg of HFBII were produced during the fed 
batch stage of Fermentation 7. The improved HFBII production in Fermentation 7 was a 
direct result of the availability of online off gas data and the longer total fermentation time. 
In comparison to Fermentation 6 Fermentation 7 lasted 11 hours longer and 265.8 g more 
feed were added, resulting in an improvement in maximum dry matter by a factor of 1.14 
and HFBII production greater by a factor of 1.44. 
The effect of process scale on HFBII production is discussed in Section 5.3 where 
HFBII yields on dry matter are presented and the HFBII production rate from fed batch 
Fermentation 7 is compared to that of Unilever Fermentation 12. 
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Figure 5.7 Fermentation results, fed batch fermentation 7, with antifoam 
a) Control variable data, fed batch fermentation 7 
b) Off gas analysis, fed batch fermentation 7 
c) Variation of dry matter over time, 
fed batch fermentation 7 
d) HFBII production over time, fed 
batch fermentation 7 
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5.2.8 Unilever fed batch fermentation 12 
Fermentation 12 was carried out at Unilever R&D, Vlaardingen, NL and ran to 
completion 69 hours after inoculation with no contamination being detected. Temperature, 
pH and air flowrate were maintained at their set points throughout. Figure 5.8(a) shows the 
measured values of stirrer speed, dO2, temperature, pH and off gas ethanol concentration 
for Fermentation 12. Individual data points can be seen in Figure 5.8(a) and Figure 5.8(b), 
due to the automatic time averaging carried as part of the data acquisition process during 
fermentations carried out at Unilever R&D, Vlaardingen, NL. The off gas ethanol 
concentration increased during the batch stage of Fermentation 12 as glucose was 
fermented, producing ethanol. The ethanol concentration peaked eight hours after 
inoculation, at the point where the glucose supply had been consumed and the 
microorganism began to metabolise the ethanol present. This same behaviour was observed 
in the smaller scale fermentations done at The University of Manchester, UK, previously 
presented in this chapter, Section 5.2.1 to Section 5.2.7. The stirrer speed gradually 
increased throughout the batch stage, Figure 5.8(a), acting to increase the mass transfer rate 
of oxygen to the fermentation media as the biological oxygen demand grew. At the fed 
batch transition stirrer speed fell rapidly and a spike in dO2 was seen, Figure 5.8(a), due to 
the absence of any carbon source to support further biomass accumulation.  
The variation in the carbon dioxide formation rate, rCO2, and oxygen consumption 
rate, rO2 throughout Fermentation 12 is shown in Figure 5.8(b). The coincident drop in 
rCO2, change in the rate of increase of rO2 and peak in ethanol concentration after eight 
hours confirm the switch of carbon source available to the microorganism from glucose to 
ethanol.  
The fed batch stage of Fermentation 12 was automatically started by the 
fermentation control program when the off gas ethanol concentration dropped below 
60 ppm. At this point in Fermentation 12 rCO2 and rO2 both dropped to zero indicating that 
there was no carbon source remaining, see Figure 5.8(b). In total 3.57 kg of feed were 
added to Fermentation 12 giving an end weight of 9.56 kg. Figure 5.8(b) exhibits a 
repeated drop in dO2 and responding increase in stirrer speed in the fed batch stage, which 
increased in both magnitude and frequency as the fermentation progressed. Corresponding 
peaks in rCO2 and rO2 also occurred, as shown in Figure 5.8(b), suggesting that the 
observed spikes were caused by synchronisation of the cell population as a whole.  
No foaming occurred during Fermentation 12, which was expected due to the 
presence of antifoam in the batch and feed media. A plot of dry matter against time for 
Fermentation 12, Figure 5.8(c), shows that dry matter increased exponentially during the 
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fermentation, following the growth kinetics of the microorganism. The maximum dry 
matter concentration reached at the end of Fermentation 12 was 70.8 g kg-1and in all 
676.6 g of dry matter were produced. 
HFBII concentration in samples taken from Fermentation 12 was determined at 
Unilever R&D, Vlaardingen using reverse phase HPLC as outlined in Chapter 3, 
Section 3.7.5.2. Hydrophobin production in Fermentation 12 was associated with the fed 
batch stage of the fermentation as expected, with a lag between starting the feed and 
detection of HFBII at 27 hours and an increase in concentration over time. Total HFBII 
production was 2844 mg in Fermentation 12 with a maximum hydrophobin concentration 
307.6 mg L-1 being reached, see Figure 5.8(d). HFBII production yield is discussed in 
Section 5.3, with an overall yield of 4.2 mg g-1 and a fed batch stage yield of 5.9 mg g-1 
being measured, see Table 5.1. 
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a) Control variable data, Unilever fermentation 12 
b) Off gas analysis, Unilever fermentation 12 
c) Variation of dry matter over 
time, Unilever fermentation 12 
d) HFBII production over time, 
Unilever fermentation 12 
Figure 5.8 Fermentation results, fermentation 12 with antifoam, Unilever R&D 
Vlaardingen, NL 
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5.3 Effect of scale on HFBII production in fermentations with antifoam 
The data shown in Figure 5.9(a), from all fed batch fermentations carried out at The 
University of Manchester, UK, demonstrates the reproducibility of fermentation work, 
with dry matter from Fermentations 1, 2, 3, 4 and 5 following the same trend over time. No 
antifoam was present in Fermentation 8 and the foaming which occurred is thought to 
account for the differences in dry matter when compared to other fermentations. 
Comparison of results from experiments carried out at The University of Manchester, UK, 
and Unilever R&D, Vlaardingen, NL shows there are no significant differences in the dry 
matter concentrations reached up to 48 hours into fed batch Fermentations 6 and 7 and 
Fermentation 12, Figure 5.9(a).  
Figure 5.9(b) shows the increase in HFBII concentration throughout fermentations 
with antifoam. Measureable amounts of HFBII are present from 27 hours into Unilever 
Fermentation 12 and 36 hours into fed batch Fermentation 7. Protein was produced 
throughout the fed batch stage with final concentrations of 260 mg L-1and 307 mg L-1 
attained in Fermentations 7 and 12 respectively, also shown in Table 5.1.  
The basic yields of total HFBII on total dry biomass are listed in Table 5.1. These 
are consistent for fermentations with antifoam, spanning a range of 3.8 to 4.2 mg g-1. 
However, this characterisation only captures average behaviour over the whole 
fermentation whereas production occurred only during the fed batch stage. Figure 5.10 
shows a plot of HFBII concentration against dry matter concentration for Fermentations 2, 
7 and 12 with antifoam. From this plot a production stage yield can be calculated which 
captures the behaviour of the fermentation during the productive fed batch stage. 
The relationship between dry matter and HFBII concentration during the fed batch 
stages of all three fermentations was found to be linear, with the fits to the data being 
indicated by the solid black lines in Figure 5.10(a), Figure 5.10(b) and Figure 5.10(c). The 
yield of HFBII on dry matter in Fermentation 2 of 1.1 mg g-1 was low and not comparable 
to that of Fermentations 7 and 12. From Figure 5.10(b) and Figure 5.10(c) yields of 
7.0 mg g-1 and 5.9 mg g-1 were calculated for Fermentations 7 and 12, with correlation 
coefficients of 0.92977 and 0.99287 respectively. A linear relationship was expected as 
both dry matter and HFBII concentration increased exponentially with time during the fed 
batch stage. HFBII was produced by viable adult cells, with the trends seen in Figure 
5.10(d) implying that as the whole cell population increases the proportion of cells capable 
of producing hydrophobin must also be growing exponentially. Thus Figure 5.10(d) 
suggests that the process conditions used in Fermentations 7 and 12 were adequate for 
healthy cell growth. Yields of HFBII on dry matter are given for all three fermentations 
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with antifoam in Table 5.1 and plotted in Figure 5.10(d) for comparison. From a 
commercial production viewpoint the total production is an equally relevant parameter, but 
the yield of product on biomass is a useful metric for comparing results of laboratory 
fermentations run at different scales. 
To further characterise HFBII production during the fed batch stage a specific rate 
of HFBII production per unit mass of dry matter was calculated for Fermentations 7 and 
12. Figure 5.11 shows the data obtained from the calculation and an average for each data 
set, dashed line Fermentation 7, solid line Unilever Fermentation 12. The averages 
calculated give HFBII production rates of 0.21 and 0.18 mg g-1 hr-1 for Fermentations 7 
and 12, demonstrating that HFBII production was consistent over the two different 
fermentation scales investigated. The scatter evident in Figure 5.11, which is greater in the 
data from Fermentation 7, is due to the exaggeration of small errors in the raw 
experimental data by numerical differentiation, which was done in order to calculate a rate 
of HFBII production per gram of dry matter over time. The standard error in dry matter 
measurement was determined in Fermentation 6 and found to be 0.06 one hour into the 
fermentation, falling to 0.01 after 25 hours. The error in determining dry matter fell over 
time as the amount of dry matter in each sample increased as the fermentation progressed, 
with the mean dry matter after one hour being 1.12 g kg-1 increasing to 22.54 g kg-1 after 
25 hours. The increase in dry matter over time resulted in measurement error of the balance 
representing a smaller proportion of the measured value, hence the reduction in standard 
error during the fermentation. 
 
 
 
  
a) Variation of dry matter over time 
for all fermentations with antifoam 
b) Fermenter HFBII concentration. 
Fed batch fermentation 7 () 1.6 L, 
Unilever fermentation 12 () 10 L  
Figure 5.9 Comparison between all fermentations with antifoam on two different scales 
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Figure 5.10 Comparison of HFBII yield on dry matter for fermentations with 
antifoam at two different scales 
Figure 5.11 HFBII production rate during the fed batch stage of fermentations 
at two different scales. Fed batch fermentation 7 () 1.6 L and 
Unilever fermentation 12 () 10 L (working volume) 
a) Yield of HFBII on dry matter fed 
batch fermentation 2 
d) Yield of HFBII on dry matter, fed 
batch fermentations 2 (), 
7 () and 12 () 
b) Yield of HFBII on dry matter fed 
batch fermentation 7 
c) Yield of HFBII on dry matter 
Unilever fermentation 12 
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5.4 Fermentations without antifoam 
Results from two fed batch fermentations without antifoam are presented here, with 
one fermentation done at The University of Manchester, UK and one at Unilever R&D, 
Vlaardingen, NL. Significant foaming occurred during both fermentations and at The 
University of Manchester the generation of overflow was recorded over time. The 
partitioning of biomass and HFBII into the foam phase was measured.  
5.4.1 Fed batch fermentation 8 
Fed batch Fermentation 8 ended after 58 hours with the fed batch stage starting 15 
hours after inoculation. Figure 5.12(a) shows that fermenter temperature was maintained at 
30°C and the aeration rate increased to 1 L min-1 at the fed batch transition. During the fed 
batch stage pH fluctuated around the setpoint of pH 5. These fluctuations were not seen in 
fermentations with antifoam and are related to the rapid fluctuations in the metabolic 
behaviour of the cell population, as evidenced by the large, spiked variations in rCO2 and 
rO2 in Figure 5.12(b). A large spike in dO2 is seen after 15 hours of fermentation, Figure 
5.12(a). This spike illustrates the decreased biological oxygen demand as all carbon 
sources were exhausted at the end of the batch stage, immediately before feeding began. 
The batch stage of Fermentation 8 proceeded in a similar fashion to that of 
fermentations with antifoam, with rCO2 peaking when glucose limitation was reached after 
eight hours and then reaching a second peak along with rO2 at the end of the batch stage at 
the point of ethanol limitation, Figure 5.12(b). 
From Figure 5.12(a) it is apparent that the end of Fermentation 8 was affected by 
foaming with a sudden change in behaviour at 42 hours, with oscillations in stirrer speed 
and dO2 ceasing and a subsequent quick increase in stirrer speed as the dO2 level dropped. 
Fermentation 8 stopped at 58 hours, with the disturbances caused by foaming leading to 
the cell population exhibiting this unusual behaviour. Figure 5.12(b) charts this same 
behaviour with fluctuations in rCO2 and rO2 suddenly stopping at 42 hours, followed by an 
increase in rCO2 until metabolic activity suddenly finished at 58 hours. 
The effect of foaming on dry matter is shown in Figure 5.12(c) where the fermenter 
vessel and overflowed liquid dry matter content are plotted over time. For the first 37 hours 
of the fermentation dry matter increased steadily, displaying the same behaviour as in 
fermentations with antifoam. From 37 hours onwards the dry matter trend was disturbed by 
foaming with a rapid increase in dry matter contained in the fermenter, Figure 5.12(c). 
Over the same time period the dry matter content of the overflowed liquid also increased 
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gradually from 4.4 g kg-1 to the end of fermentation value of 21.2 g kg-1. The 
corresponding in fermenter dry matter level at the end of the experiment was 70.2 g kg-1.  
Figure 5.12(d) shows the concentration of HFBII in the fermenter vessel and both 
liquid and foam overflow phases measured during fed batch Fermentation 8. Foaming 
acted to maintain a low HFBII concentration of ≈ 5.0 mg L-1 in the vessel throughout the 
fermentation, whilst overflowed liquid contained 270.0 mg L-1 and overflowed foam 
502.0 mg L-1 of HFBII at the end of Fermentation 8. It can be seen from Figure 5.12(d) 
that the concentration of HFBII in the liquid phase of the overflow decreased as the 
fermentation progressed, falling from a maximum 488.0 mg L-1 at 37 hours. 
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a) Control variable data, fed batch fermentation 8 
b) Off gas analysis, fed batch fermentation 8 
c) Variation of dry matter over time, 
fed batch fermentation 8. 
 fermenter contents 
  overflowed liquid 
d) HFBII production over time, 
fed batch fermentation 8. 
 fermenter contents 
 overflowed liquid 
 overflowed foam 
Figure 5.12 Fermentation results, fed batch fermentation 8, without antifoam 
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5.4.2 Unilever fermentation 13 
Unilever Fermentation 13 lasted for 70 hours and was undertaken without antifoam 
in either the batch or fed batch stage media, with foam which overflowed from the 
fermenter vessel being aseptically contained in a collection vessel. The initial phase of the 
batch stage of Fermentation 13 shown in Figure 5.13(a) behaved similarly to that of 
Unilever Fermentation 12, see Figure 5.8(a), with an ethanol peak eight hours into the 
fermentation. More ethanol was produced in Fermentation 13 than Fermentation 12, with a 
maximum concentration of 1481 ppm in Fermentation 13 and 1283 ppm in Fermentation 
12. Unusually, at the end of the fermentation ethanol production resumed, with a 
significant increase in ethanol concentration in the fermenter off gas shown in Figure 
5.13(a) between 60 and 70 hours. 
Figure 5.13(b) shows that rCO2 and rO2 were lower throughout Fermentation 13 
than the equivalent values in Fermentation 12. Figure 5.13(b) shows that although rCO2 
and rO2 dropped to zero around 15 hours after inoculation of Fermentation 13, as expected 
at the fed batch transition, ethanol was still present, above the fed batch transition limit of 
60 ppm. Metabolic activity in Fermentation 13 unexpectedly ceased whilst there was still 
ethanol available to the microorganism, and the reason for this remains unclear from the 
data collected. Figure 5.13(a) shows that between 23 and 25 hours stirrer speed dropped 
and the dO2 level rose confirming the reduction in biological oxygen demand from the 
microorganism population. The residual ethanol in the fermenter prevented the automatic 
triggering of feeding, which was started manually at 25 hours. The end weight of 
Fermentation 13 was 6.64 kg and 3.36 kg of feed were added.  
Copious amounts of foam filled the fermentation vessel and overflowed to the foam 
collection vessel during Fermentation 13 without antifoam. In total 2.73 kg of fermentation 
broth were removed from the fermenter vessel, representing 29 % of the total fermentation 
volume. The overflowed material separated in the collection vessel, forming a hydrophobin 
rich foam layer on top of a liquid phase. The final concentration of hydrophobin in the 
foam phase was 256.4 mg L-1, shown by the lone black square data point in Figure 5.13(d), 
giving an overall enrichment of hydrophobin in the overflowed material of ≈ 2.4. 
Foaming disrupted the progress of Fermentation 13, with the dry matter trend being 
significantly different from the steady increase of dry matter over time observed in 
fermentations with antifoam, see Figure 5.13(c). The drop in dry matter around 18 hours 
into Fermentation 13, Figure 5.13(c) indicates the onset of significant foaming, removing 
biomass from the fermenter vessel and hence reducing the dry matter measured. The 
subsequent stationary phase, between 20-25 hours, is due to the delay in starting the feed 
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supply because of the high residual ethanol concentration. The dry matter content of 
material collected in the overflow vessel of Fermentation 13 was 23.9 g kg-1, meaning 
65.1 g of dry matter out of a total 665.2 g, or approximately 10 % of dry matter produced, 
was carried out of the fermenter to the overflow vessel. Interestingly, foaming interfered 
with cell growth by removing liquid from the fermenter in such a way that a maximum dry 
matter of  
90.4 g kg-1 was reached, greater than the final dry matter of 70.8 g kg-1 in 
Unilever Fermentation 12. However the total of dry matter in the fermenter vessel was 
lower in Fermentation 13 than in Fermentation 12, 599.6 g compared to 676.9 g, due to the 
removal of cells in the overflowed material. 
The total HFBII production in Fermentation 13 was 1414 mg. Production was 
comprised of 714 mg of HFBII present in the fermenter vessel at the end of the 
fermentation plus 700 mg of hydrophobin in the enriched foam and liquid phases of the 
overflowed material. It is apparent that 1430 mg less HFBII were produced in 
Fermentation 13 without antifoam than in Fermentation 12 with antifoam. From the data 
collected it is not possible to conclude whether the difference in HFBII production between 
the two fermentations was due to the absence of antifoam or the problems caused by the 
delay in starting the feed in Fermentation 13. It is likely however that the low production 
was caused by a combination of foaming and the unusual behaviour of the microorganism 
described above, which itself was related to foaming during the fermentation. This link is 
supported by the delay in the onset of HFBII production in Fermentation 13, which started 
at 47 hours, limiting HFBII production, Figure 5.13(d).   
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a) Control variable data, fermentation 13 
b) Off gas analysis, fermentation 13 
 
c) Variation of dry matter over time, 
fermentation 13 
d) HFBII production over time () and 
overflow HFBII concentration (), 
fermentation 13 
Figure 5.13 Fermentation results, fermentation 13 without antifoam, 
Unilever R&D Vlaardingen, NL 
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5.4.3 Effects of uncontrolled foaming on fermentations without antifoam 
The variation of fermenter vessel and overflow dry matter concentration over time 
in fed batch Fermentation 8 is shown in Figure 5.14, along with the mass of overflowed 
material produced. Overflow began at the onset of feeding, indicating that HFBII was the 
main component responsible for foaming, and increased exponentially until 42 hours, with 
the following lag in foaming coinciding with an increase in dry matter, Figure 5.14. A total 
of 770 g of overfoamed material was collected in the overflow vessel during 
Fermentation 8, 47.1 % of the total volume. The dry matter concentration in the 
overflowed material increased over time, reaching a maximum of 21.2 g kg-1, less than a 
third of the in-fermenter maximum concentration, see Figure 5.12(c). This was indicative 
of the fermenter biomass concentration increase being associated with foaming. This is 
thought to be due to liquid drainage carrying the biomass back into the fermenter vessel 
from the rising foam and leaving the foam entering the overflow vessel depleted in 
biomass.  
The fed batch Fermentation 8 final distribution of HFBII, dry matter and total 
fermentation mass over the system is show in Figure 5.15. Over the whole of 
Fermentation 8 47.1 % of the total fermentation volume was carried into the overflow 
vessel. Biomass was removed from the fermenter vessel by foaming with 60.6 g of dry 
matter, representing 66.3 % of the total dry matter produced, remaining in the fermenter 
after 61 hours. Overflowed material contained 222.9 mg of HFBII, a recovery of 98.1 % of 
the total quantity of HFBII produced, with 83.9 % contained in the overflowed liquid phase 
and 14.2 % in the overflowed foam. During Unilever Fermentation 13 2730 g of 
fermentation broth overfoamed, 29 % of the total volume. The overflowed broth from 
Unilever Fermentation 13 contained 669.7 mg of HFBII, a recovery of 49.5 % of the total 
quantity of hydrophobin produced during the fermentation. Dry matter carryover was not 
quantified for Unilever Fermentation 13. 
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Figure 5.15 Distribution of total mass, dry matter and HFBII between the 
fermenter contents (), overflowed liquid () and overflowed foam () phases at the end of 
fed batch fermentation 8 
Figure 5.14 Variation of fermenter dry matter (), dry matter carryover () and 
quantity of overflowed material over time, feed batch fermentation 8 
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5.5 Comparison of fermentations with and without antifoam 
The progress of dry matter and HFBII production over fermentations carried out on 
a 1.67 L and 10 L scale, with and without antifoam is shown in Figure 5.16. Fermentations 
6, 7 and 12 with antifoam all behaved in a similar fashion, the dry matter data shown in 
Figure 5.16(a) demonstrates that cell growth was unaffected by fermentation scale with the 
plots for each fermentation overlaying each other. The shorter total fermentation time in 
Fermentation 6 reduced the final dry matter reached, as discussed in Section 5.2.7, but with 
the improvements made in Fermentation 7 the final dry matter value was within 9 % of that 
for Fermentation 12. Cell growth and the proportion of dry matter retained in the fermenter 
vessel were affected by foaming in Fermentations 8 and 13 without antifoam. From Figure 
5.16(a) it is seen that foaming behaviour was not reproducible between fermentations 
without antifoam, with large variations in dry matter being observed. The final result of 
foaming was an increase in end of fermentation dry matter values, by 28 % for 10L 
fermentations and 9 % for 1.67 L fermentations, due to the removal of liquid from the 
fermenter. 
Table 5.1 shows total hydrophobin production for Unilever Fermentation 13 was 
half that of Unilever Fermentation 12 with antifoam. The HFBII production trend of each 
fermentation is given in Figure 5.16(b) which clearly shows the time delay in HFBII 
production as well as the reduced productivity of Fermentation 13 without antifoam. 
Despite this decrease in HFBII production the protein recovered in the overflowed material 
was concentrated by a factor of 2.4 in Unilever Fermentation 13. At a smaller scale in 
Fermentation 8, the HFBII concentration in the overflowed foam was 94.7 times greater 
than in the broth which remained in the fermenter. Averaged over the total mass of 
overflow, foam and liquid, the HFBII enrichment was 54.6 in Fermentation 8.  
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a) Fermenter dry matter for fermentations with (,,) and without antifoam (,) 
b) HFBII production over time for Unilever fermentations with () and without () 
antifoam 
Figure 5.16 Comparison of in fermenter dry matter and HFBII production for fermentations 
on two different scales, with and without antifoam 
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5.6 Summary 
The development of hydrophobin protein producing fed batch fermentations at 
The University of Manchester has been presented with a marked improvement in HFBII 
production being achieved in later fermentations in comparison to the first fermentations 
undertaken. Fermentations carried out on a larger scale at Unilever R&D, Vlaardingen, NL 
have been shown to be comparable to fermentations carried out in Manchester. The effect 
of antifoam on production has been investigated with the overflowing of fermenter 
contents due to the foaming that occurred in fermentations without antifoam being 
quantified along with biomass and HFBII carryover. 
The scalability of HFBII producing fermentations with antifoam has been 
demonstrated with specific values, such as dry matter per unit mass of fermenter contents, 
HFBII concentration and production yield, scaling well with fermentation volume. Direct 
comparison of the specific HFBII production rates of 0.21 and 0.18 mg g-1 hr-1, calculated 
for Fermentations 7 and 12 with antifoam, shows that fermentations at different scales 
behaved in a similar manner to each other. Total production was reduced in smaller 
volume fermentations, with total production scaled by a factor of 6.5, a shorter total 
fermentation time accounting for the increase in scaling factor compared to the geometric 
scaling factor of 6. Several hours of production were lost in smaller scale fermentations as 
the different geometry of the fermenter used caused oxygen mass transfer to become 
limiting at an earlier stage in the fermentation than on the larger scale. Process scale up 
could be improved by considering the oxygen mass transfer coefficient, increasing the 
agitator diameter in smaller scale fermentation apparatus would increase Reynolds number 
(Re) and improve oxygen mass transfer. The same process robustness and repeatability 
was not encountered in fermentations without antifoaming agent. It is advantageous to 
develop fermentation methodologies which reduce the antifoam requirement, both to 
reduce operating costs and simplify downstream processing. The presence of antifoam in 
the final product formulation will, in the case of HFBII, hinder functionality.  
Fermentations without antifoam displayed less repeatable and more sporadic 
behaviours. Specific values, such as dry matter, did not appear to scale with fermenter 
volume. Overall there was significant variation in process performance. Total production 
varied between fermentations without antifoam, but was typically half the production 
achieved in fermentations with antifoam, as detailed in Table 5.1. There are two factors 
which contributed to the low production in fermentations where uncontrolled foaming 
occurred. Firstly foaming removed biomass from the fermenter throughout the 
fermentation, with 34% of the total dry matter carried over into the overflow vessel in 
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Fermentation 8. Biomass carryover resulted in lower HFBII production as fewer cells were 
present in the fermenter and contributing to protein production. This problem is acute as 
HFBII was produced exponentially during the feed stage of fermentations with antifoam, 
meaning a reduction of biomass early on in fermentations without antifoam translated into 
a much greater drop in production.  
Secondly, foaming hindered dissolved oxygen control and disturbed the 
microorganism population, preventing growth and production, illustrated by the late onset 
of HFBII production in Unilever Fermentation 13, Figure 5.16(b). Also, the feed addition 
rate was calculated on the basis of exponential growth of the whole microorganism 
population, when cell numbers were reduced by foaming over-feeding occurred which may 
have limited production, due to an excess of glucose in the fermenter.  
The measurement of the end of fermentation dry matter distribution gives insight 
into the affect of foaming on fermenter biomass, with Figure 5.14 giving an indication of 
the accumulation of dry matter in the overflowed broth as the fermentation progressed. As 
the rate of overflow generation increased proportionally more biomass was carried out of 
the fermenter in the foam, leading to the increase in overflow dry matter over time, 
negligible growth of the microorganism would occur in the overflow vessel due to a lack 
of carbon source and oxygen. Previous studies summarised in Chapter 2, Section 2.4, did 
not track biomass over the fermentation in detail. Davis et al. (2001) report a cell 
enrichment of 0.4, which while consistent with the dry matter enrichment of 0.6 measured 
for Fermentation 3 does not indicate the total amount of biomass lost from the system or 
the proportion of the total biomass represented. The results suggest that direct control of 
biomass carryover will be critical for foaming to be used as a method for primary recovery 
of biosurfactants. Data shown in Figure 5.14 and Figure 5.15 can be used as a datum when 
comparison is made to controlled foaming processes. 
When uncontrolled foaming was allowed to occur in small scale fermentations the 
HFBII enrichment and recovery were both very high and compared favourably to 
previously reported values for other fermentation systems, see Chapter 2, Section 2.4, 
Table 2.6. Davis et al. (2001) report a similar recovery of 90.0 % of surfactin produced, for 
an integrated foam fractionation process, but this high recovery was achieved at the 
expense of a surfactin enrichment of 34.0, lower than the average HFBII enrichment of 
54.6 at a recovery of 98.1%. Chen et al. (2006b) report a surfactin enrichment of 50, 
comparable to the HFBII enrichment of 54.6 reported here, but a recovery of 28.7%, lower 
than that of Davis et al. (2001) and for HFBII producing fermentations. Sarachat et al. 
(2010) recovered rhamnolipid from cell-free broth with foam fractionation and achieved a 
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high recovery of 97.0% again at a low enrichment of 4.0, which is consistent with the 
findings of Davis et al. (2001). 
The enrichments and recoveries reported in the literature vary depending on the 
biosurfactant in question and the specific foaming conditions. If a wet foam is generated 
typically low enrichment but high recovery will occur as a large proportion of fermenter 
contents overflows, with the opposite being true for dry foams, high enrichment but low 
recovery as little foamate is obtained. In general if recovery is maximised the 
corresponding enrichment is low. It was possible to simultaneously achieve high HFBII 
enrichment and recovery in this study because of the specific surface properties of the 
protein which supported foaming at the very low residual fermenter concentration of 
5.3 mg L-1 in Fermentation 8. In this case the high recovery was facilitated by the 
significant volume of overflowed liquid and a low residual HFBII concentration in the 
fermenter. The low residual concentration then also results in a high enrichment, even 
though the average overflow concentration was not considerably more than the final 
fermenter concentrations when antifoam was used, as detailed in Table 5.1. 
Despite the drop in total production brought about by foaming the high enrichment 
and recovery values observed in Fermentation 8 mean that the foamed broth obtained is 
richer in HFBII than in fermentations where antifoam was used to suppress foaming. The 
average end of fermentation HFBII concentration in overfoamed broth from 
Fermentation 8 was 289.5 mg L-1 compared to 260.0 mg L-1 in Fermentation 7 with 
antifoam. HFBII enrichment was lower in Fermentation 13 than Fermentation 8 as less 
foaming occurred due to the late onset and reduced HFBII production, although foaming 
was still significant enough to disrupt hydrophobin production through the removal of 
biomass from the fermenter.  
Uncontrolled foaming was detrimental to total protein production on both scales 
investigated, primarily due to the loss of biomass from the system. The potential to recover 
HFBII via a controlled integrated foaming process was indicated by the high average 
protein enrichment of 54.6 and recovery of 98.1% in Fermentation 8. The insight gained 
from the findings in this Chapter, especially related to foaming during HFBII production 
without antifoam, is applied in Chapter 6, where the design and trial of a novel integrated 
foam separation process is presented. 
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6 Integrated Foam Fractionation Process 
6.1 Introduction 
In this Chapter the invention of a novel foam fractionation process for in situ 
recovery of biosurfactants from fermenters is described and the results of process trials 
reported. Chapter 5 presented characterisation of uncontrolled foaming for fermentations 
without antifoam, including biomass retention and HFBII enrichment and recovery. This 
approach is extended in this Chapter to fermentations with integrated foam fractionation. 
The effects of varying both the air and feed flow rates to the foam fractionation column on 
foamate collection and overflow generation were also measured. The reduction of 
uncontrolled overflow in fermentations with integrated foam fractionation is discussed in 
Section 6.4, where results are compared to Fermentations 8 and 13 without antifoam or 
foam fractionation. Care was taken to track the fermenter contents, dry matter and HFBII 
produced over the whole fermentation, including the fermenter vessel, overflow liquid and 
foam and foamate phases, with results given in Sections 6.5 and 6.6 
The performance of fermentations with integrated foam fractionation is further 
compared to that of fermentations without foam fractionation to assess the impact of the 
integrated process on the cell population and productivity of the fermentations. This is 
achieved via determination of the respiratory quotient (RQ), see Section 6.7. Complete 
results from both fermentations with integrated foam fractionation are presented in  
Table 6.2 at the end of this Chapter, which also includes the results of standard fed batch 
fermentations without antifoam previously presented in Table 5.1 as a benchmark. 
6.2 Process development 
A novel recirculating integrated foam fractionation process has been invented for 
in situ recovery of extracellular biosurfactants from fermenters. The apparatus design 
allows for the operating conditions of the foam fractionation process, feed rate and airflow 
rate, to be chosen independently of the fermentation parameters. Optimal conditions can 
then be established for each process, such as the aeration rate required to meet the 
biological oxygen demand of the cell population. The design of the integrated foam 
fractionation apparatus was approached from a chemical engineering separations 
viewpoint, with Arthur D. Little’s concept of unit operations in mind. From this 
perspective foam fractionation becomes a separate unit operation which requires 
optimisation. In order to allow the foam separation process to be optimised without 
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constraint the foam column was connected to the fermenter using a recirculation loop. The 
whole integrated fermentation foam fractionation process is described in detail below; 
Biosurfactant is produced in the fermenter vessel with the biosurfactant rich broth 
being taken from the fermentation vessel through a standard port in the head plate and 
pumped to the foam column. Broth is pumped from below the liquid surface in the 
fermenter and fed into the foam column via a distributor. A pool of broth accumulates at 
the base of the foam column and an overflowing foam is generated by sparging air through 
a sintered glass disk at the base of the column. The counter current flow created in the 
rising foam column, between liquid entrained in the foam and the fermentation broth 
introduced at the top of the column, allows selective separation of the biosurfactant 
product. At the top of the column foam is broken by a mechanical foam breaker and an 
enriched product collected. Fermentation broth which has been depleted of biosurfactant is 
continuously pumped from the foam column back into the fermenter at a rate chosen to 
maintain a constant liquid inventory in the bottom of the foam column. Thus a continuous 
recirculation of broth is achieved whereby biosurfactant product is selectively removed. 
The novelty of the integrated fermentation and foam fractionation process was 
confirmed by a prior art patent search carried out by University of Manchester Intellectual 
Property Limited (UMIP). The patent search, conducted on 24/08/2010, highlighted 
inventions which describe methods of foam collection in a secondary vessel but not for the 
purpose of applying foam separation techniques (Chang et al. 2007; Qin et al. 2008). One 
previous patent held by Qin et al. (2008) was identified in which a recirculation loop is 
used to remove biosurfactant containing broth from a fermenter to a foam vessel. However 
in their invention Qin et al. (2008) use the secondary vessel for foam suppression by 
pressurisation, not biosurfactant separation, and subsequently transport the defoamed broth 
back to the fermenter. 
In this work continuous in situ product recovery by foam fractionation was carried 
out using glass foam column, with details of the experimental apparatus given in Chapter 
3, Section 3.8. Foam fractionation was started at the onset of HFBII production at the 
beginning of the fed batch stage of fermentations. To generate foam air was supplied to the 
foam column through a sintered glass disk, porosity No.3. Foam was collapsed with a 
mechanical foam breaker and the resulting foamate collected in a large glass reservoir.  
Full details of all fermentations presented in this Chapter, including foam column 
operating conditions given in Table 6.1. In the first instance, i.e. for Fermentation 10, 
column operating conditions were chosen based on the results of a series of independent 
foam fractionation experiments presented in Chapter 4, Section 4.4. In these previous 
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experiments a range of feed and air flow rates were tested using a non-integrated ‘J-tube’ 
similar to that used in the integrated experiments presented here. Briefly, previously 
produced HFBII containing, cell free fermentation broth was pumped round a mock up of 
the fermentation system and the column feed and air flow rates altered. The optimum 
operating conditions determined from these experiments were then used as a starting point. 
For Fermentation 11 operating conditions were selected to reduce the residence time of 
broth in the fermenter and foam column. The recirculation rate was increased to reduce 
fermenter residence time, see Section 6.4, and the superficial gas velocity in the foam 
column was increased by a greater factor to decrease foam column residence time, see 
Table 6.1. The foam column residence time is taken as the time required for foam to travel 
through the straight portion of the foam column, a height of H-z, see Chapter 3, 
Section, 3.8, Figure 3.10. A definition of foam column residence time is given in Equation 
6.1 below; 
 
Foam column residence time	=	
H-z
jg
 (6.1) 
 
where H is the foam column height, z is the working liquid level and jg is the superficial 
gas velocity. 
Table 6.1 Foam column operating conditions for fermentations with integrated foam 
fractionation 
Fermentation 
Total 
working 
volume 
Foam 
column 
feed rate 
Foam 
column 
air flow 
rate 
Foam column 
superficial 
gas velocity jg 
Foam column 
residence 
time Antifoam 
L mL min-1 cc min-1 mm s-1 s 
FB10 1.67 10 600 4.71 66 N 
FB11 1.67 20 1000 7.85 40 N 
 
6.3 Fermentations with foam fractionation 
The recirculating foam fractionation process described above in Section 6.2, and 
previously in Chapter 3, Section 3.8, was tested on fed batch fermentations producing the 
hydrophobin protein HFBII. Results from two successful fed batch fermentations with 
integrated foam fractionation are presented. Experiments were carried out without 
antifoam and HFBII was produced during the fed batch stage. Controlled foaming occurred 
and HFBII enriched foamate was collected during the fed batch stage of each fermentation. 
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Extended results from Fermentation 8 without foam fractionation are also included to 
allow for comparison between cases with controlled and uncontrolled foaming, see 
Sections 6.4, 6.5 and 6.6. Details of the fermentations and foam column operating 
conditions were previously given in Table 6.1, with full results shown in Table 6.2. 
6.3.1 Fed batch fermentation 10 with foam fractionation 
Fed batch fermentation 10 was the first successful attempt at in situ recovery of 
hydrophobin protein from fermentation broth. An earlier attempt, Fermentation 9 failed 
because of leakage problems in the recirculation loop and the foam column. Improvements 
including forming a permanent seal between the foam column and glass sinter as well as 
the use of higher quality Masterflex tubing (Cole-Palmer, USA) in the recirculation loop, 
prevented the reoccurrence of leaks in further trials of the integrated process. 
Fermentation 10 ran for 62 hours over which time 664.3 g of feed were added to the 
fermenter with 544.2 g of foamate generated, along with 255.3 g of uncontrolled overflow, 
see Section 6.4, Figure 6.3. Particular care was taken to check the culture for 
contamination during the experiment, due to the complexity of the apparatus used with the 
addition of the recirculation loop and foam column. No infection was detected with healthy 
cells being observed in all samples taken. 
Figure 6.1(a) shows the control variable data over Fermentation 10. The batch stage 
of Fermentation 10 ran overnight, with blockage of the inlet filter to the off gas analyser, 
which occurred again between 24 and 37 hours, accounting for the lack of data in Figure 
6.1(b) over these periods. The fed batch transition occurred at 16.6 hours, at which point 
the foam column feed and air supply were activated. From Figure 6.1(a) it is evident that 
the batch stage of Fermentation 10 was similar to the batch stage of previous 
fermentations, reported in Chapter 5, without foam fractionation. This is expected as the 
foam separation process was only applied to the productive fed batch stage of the 
fermentation. The salient features in Figure 6.1(a) are the inflections in stirrer speed and 
dO2 at 7.5 hours when glucose limitation was reached, the drop in stirrer speed and 
localised peak in dO2 at the fed batch transition and the accompanying increase in 
fermenter aeration rate to 1 L min-1. Temperature and pH were correctly controlled during 
Fermentation 10, with the average stirrer speed gradually increasing over the fed batch 
stage of the fermentation as cell growth occurred and biological oxygen demand rose. The 
control of dO2 was adequate, being in the range 20-40 % throughout the fermentation, after 
the initial drop in dO2 immediately after inoculation. 
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The effect of in situ foam separation on the microorganism population can be seen 
in Figure 6.1(b), disregarding the absence of data due to the off gas analyser inlet filter 
blockage, mentioned above. The values of rCO2 and rO2 increased over the fed batch stage, 
until 42.5 hours after inoculation at which point rO2 began to fall. This coincided with a 
peak in foamate dry matter, see below. The drop in the rate of oxygen consumption was 
related to the effects of the foam separation process on the microorganism population and 
the removal of biomass from the fermenter by both controlled and uncontrolled foaming. 
Towards the end of Fermentation 10 the dO2 level rose above 100 %, reaching a 
maximum of 115 %. This is unusual as the dO2 probe was calibrated at the start of the 
fermentation, after autoclaving and temperature stabilisation, with 1 L min-1 airflow and 
1500 rpm stirrer speed being used to set saturation conditions, i.e. 100 % dO2. The higher 
dO2 readings were the result of a combination of the extra aeration of the broth that took 
place when residing in the foam column and the reduction in metabolic activity at the end 
of the fermentation. A foam column aeration rate of 600 cc min-1 was used in 
Fermentation 10, with the small bubble size achieved by sparging air through a glass sinter, 
porosity No.3, and dynamic flow conditions in the liquid pool at the bottom of the foam 
column providing conditions for efficient oxygen mass transfer. At the end of the 
fermentation the total volume of fermenter contents removed from the vessel by foaming 
was high, with the resulting depletion of biomass meaning a lower biological oxygen 
demand combined with the aeration taking place in the fermenter and foam column raising 
the dO2 level above 100 %.  
The dry matter in the fermenter foamate and overflow is tracked through 
Fermentation 10 in Figure 6.1(c). The in fermenter dry matter increased exponentially, 
with much less disturbance than observed in Fermentations 8 and 13 where uncontrolled 
foaming occurred without foam fractionation, see Chapter 5, Figure 5.12 and Figure 5.13. 
The maximum dry matter contained in the fermenter, reached at the end of 
Fermentation 10, was 72.0 g kg-1 with 11.4 g kg-1 in the foamate. Full end of fermentation 
dry matter values are given in Table 6.2. During the fed batch stage dry matter slowly 
accumulated in the foamate and peaked after 40 hours at a value of 20.3 g kg-1, Figure 
6.1(c). The effect of the foamate collection rate on the foamate dry matter content is 
described in Section 6.5. The material that exited the fermenter via the gas outlet was 
separated and collected in the overflow vessel. It was not practical to sample from the 
overflow vessel during the fermentation because of complexity of the experimental setup 
for the integrated process, single samples of the overflowed foam and liquid phases were 
taken at the end of the fermentation. The dry matter content of the overflowed liquid and 
Chapter 6  Integrated Foam Fractionation Process 
169 
 
foam were found to be 8.6 g kg-1 and 6.7 g kg-1 respectively. The lower amount of dry 
matter in the overflow compared to the foamate suggests that the foam column could be 
optimised to reduce biomass carryover from the fermenter and hence improve in fermenter 
dry matter levels and, consequently, HFBII production.  
HFBII production was low in Fermentation 10, with only 14.4 mg of hydrophobin 
protein produced in total, meaning that a production trend couldn’t be established, due to 
difficulty in measuring very low HFBII concentrations. However HFBII was detected in 
the final samples taken from the fermenter, foamate and overflow, but the timing of 
sampling meant that the penultimate sample from each phase was taken 16 hours prior, 
with the consequence being no HFBII was found in these samples. The final concentration 
of HFBII in the fermenter was lower than the detection limit of the HPLC system used, 
< 1.0 mg L-1, with 11.9 mg L-1 in the foamate, 27.0 mg L-1 in the overflowed liquid and 
46.8 mg L-1 in the overflowed foam. These results show that with the foam column 
operating conditions used HFBII production was adversely affected and a significant 
proportion of this protein was contained in the uncontrolled overflow material, not in the 
foamate as desired. The partitioning of dry matter and HFBII between the fermenter, 
foamate and overflow is discussed in Sections 6.5 and 6.6. 
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a) Control variable data, fed batch fermentation 10  
b) Off gas analysis, fed batch fermentation 10  
c) Variation of dry matter over time, fed batch 
fermentation 10.  fermenter,  foamate,  
 overflow liquid,  overflow foam 
Figure 6.1 Fermentation results, fed batch fermentation 10, with foam fractionation 
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6.3.2 Fed batch fermentation 11 with foam fractionation 
For the second trial of the integrated foam fractionation process operating 
conditions were changed, with the air supply to the foam column increased to  
1000 cc min-1, raising the superficial gas velocity in the column, and the flow rate around 
the recirculation loop was doubled, see Table 6.1. Fermentation 11 with foam fractionation 
proceeded as expected with the feed started after 16 hours of batch fermentation, during 
which time the average stirrer speed increased from 200 rpm to a maximum of 640 rpm, 
whilst dO2 dropped from 100 % before inoculation towards the setpoint of 30 %. The 
fermenter pH exhibited unexpected behaviour over the whole of the batch stage, dropping 
to pH 4.2 before rising to 4.8 after 12 hours and then subsequently sharply falling back 
down to pH 4.0, see Figure 6.2(a). The cause of this pH variation was unclear as pH was 
controlled to setpoint during the fed batch stage with no intervention being made to rectify 
the cause of the pH fluctuations, which took place overnight, the source of which was not 
apparent.  
The metabolism of the cell population stopped after 47 hours, as shown by the peak 
in dO2 and corresponding drop in rCO2 and rO2, Figure 6.2(a) and Figure 6.2(b), with 
658.2 g of feed being added to the fermenter in total. The feed and air flow to the foam 
column were started at the start of the fed batch stage of the fermentation over which 
754.0 g of foamate were collected. Uncontrolled overflow was greatly reduced from 
previous fermentations to 44.8 g, for further discussion see Section 6.4. At the end of 
Fermentation 11 the dO2 level in the fermenter rose above 100 %, to a maximum of 125 %, 
as observed towards the end of Fermentation 10. Again the increase of dO2 to 125 % is 
explained by the extra aeration of the fermentation broth in the foam column, combined 
with the reduced biological oxygen demand at the end of the fermentation, which is 
confirmed by the drop in rO2 to near zero, starting at 47 hours, Figure 6.2(b). 
Figure 6.2(b) shows that rCO2 peaked at a value of 68.3 mmol hr-1 seven hours into 
the batch stage of Fermentation 11 when the glucose supply in the media became limiting, 
as observed previously in fermentations with and without antifoam, see Chapter 5. Over 
the second part of the batch stage, from seven to 16 hours rO2 continued to increase with 
rCO2 climbing at a slower rate, due to the reduced amount of CO2 evolved during ethanol 
metabolism. A maximum rO2 value of 76.2 mmol hr-1 was attained at the end of the batch 
stage of Fermentation 11, see Section 6.7 for a comparison of off gas data between 
fermentations with and without integrated foam fractionation. Over the fed batch stage of 
Fermentation 11 rCO2 and rO2 increased exponentially, indicating good cell growth and a 
healthy cell population. 
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The change in the concentration of dry matter contained in the fermenter, foamate 
and overflow over Fermentation 11 is shown in Figure 6.2(c). The fermenter contained a 
maximum dry matter concentration of 73.0 g kg-1, reached at 47 hours, with an exponential 
increase seen over the fermentation. Between 47 and 55 hours the dry matter level in the 
fermenter vessel dropped to 57.5 g kg-1. It is not clear what caused this drop in the dry 
matter concentration in the fermenter as little change in the volume of foamate and 
overflow collected was observed over this time period, suggesting dry matter was not 
removed from the fermenter vessel by foaming. This erroneous value is most likely due to 
a measurement error, as the ‘lost’ dry matter could not be found in the foamate or 
overflow. For this reason the final dry matter for the fermentation broth contained in the 
fermenter is taken as 73.0 g kg-1, with this value being measured at the time metabolic 
activity and hence cell growth in the fermenter ceased, as discussed above. The dry matter 
content of the foamate varied in a similar way to that in Fermentation 10, with a peak value 
of 23.8 g kg-1 reached after 39 hours. This peak in foamate dry matter coincided with a 
change in the rate of foamate collection, see Section 6.4, Figure 6.3(b). After reaching the 
maximum value the dry matter concentration in the foamate fell off rapidly, with a final 
value of 4.5 g kg-1, reduced by a factor of 2.5 compared to Fermentation 10. At the time of 
the last sample 1.6 g kg-1 of dry matter were present in the overflowed material. Compared 
to Fermentation 10 this represents a reduction of a factor of 5.4 in the concentration of dry 
matter in the overflow. 
The variation of HFBII concentration in the fermenter, overflow and foamate over 
time is shown for Fermentation 11 in Figure 6.2(d). Foaming kept the HFBII concentration 
in the fermenter below 5 mg L-1 throughout the whole of Fermentation 11, with higher 
HFBII concentrations of 34.1 mg L-1 in the foamate and 151.6 mg L-1 in the overflow at 
the end of the fermentation. Total HFBII production was 37.5 mg, an increase of a factor 
of 2.6 over the hydrophobin production achieved in Fermentation 10. The HFBII 
concentration in the foamate reduced over time, from 126.7 mg L-1 at 39 hours to 
54.3 mg L-1 at 37 hours. The rate of foamate collection underwent a rapid change at 
39 hours, with foamate being collected quickly; see Figure 6.3(b), leading to the dilution of 
previously recovered hydrophobin in the foamate. The effects of foaming on HFBII 
production and the resulting enrichment and recovery of biosurfactant are discussed in 
Section 6.6. 
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a) Control variable data, fed batch fermentation 11  
b) Off gas analysis, fed batch fermentation 11  
c) Variation of dry matter over time, 
fed batch fermentation 11. 
 fermenter,  foamate,  overflow 
d) Variation of HFBII concentration 
over time, fed batch fermentation 11. 
 fermenter,  foamate,  overflow 
Figure 6.2 Fermentation results, fed batch fermentation 11, with foam fractionation 
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6.4 Foamate and overflow generation 
Foam was created in two ways during Fermentations 10 and 11 with foam 
fractionation. Firstly, through uncontrolled foaming in the fermenter vessel, due to the 
aeration and agitation required to meet the biological oxygen demand of the 
microorganism. Headspace carryover occurred when sufficient foam accumulated in the 
fermenter, with foam leaving the fermenter entrained in the off gases and collected in the 
overflow vessel (2), see Chapter 3, Section 3.8, Figure 3.11. Secondly, desired foam was 
generated in a controlled manner in the foam column (3), see Chapter 3, Section 3.8, 
Figure 3.11. Foam fractionation began at the start of the fed batch stage of each 
fermentation, approximately 16 hours after inoculation. Foaming conditions in the column 
were chosen independently of the fermentation conditions, with the foam column aeration 
rate determining the rate of foamate collection. The amount of overflowed fermentation 
broth and foamate generated were recorded during Fermentations 10 and 11 using 
analytical balances. Results from Fermentation 8 without antifoam or foam fractionation 
are included to allow comparison between the effects of controlled and uncontrolled 
foaming on HFBII production. Only overflow from the fermenter in Fermentation 8 was 
measured as foam fractionation was not applied and, therefore, no foamate was collected. 
Figure 6.3(a) shows the increase in foamate and overflow collected over time in 
Fermentation 10. The increase in dry matter contained in the fermenter vessel is also 
plotted to demonstrate the effect of foaming on dry matter levels. Foamate collection began 
21 hours after the start of the fed batch stage and increased rapidly before levelling off 48 
hours into the fermentation. Proportionally very little foamate was collected in the last 
phase of the fermentation, from 48 hours until completion. The observed lag between the 
start of the fed batch stage and the point at which foamate was first produced was reduced 
in Fermentation 11, the increased foam column air flow rate generating a stable foam at a 
lower HFBII concentration, see Figure 6.3(b). Similar to Fermentation 10 foamate 
collection levelled off after 48 hours. Overflowing began at roughly the same time in 
Fermentations 10 and 11, although significantly less overflowing occurred in 
Fermentation 11. From 39 hours into Fermentation 11 overflowing stopped and all 
foaming occurred in the foam column, under controlled conditions. This coincided with a 
sharp increase in the rate at which foamate was collected, with ≈ 300 g collected in 
3 hours. Figure 6.3(c) compares the amount of foamate collected throughout Fermentations 
10 and 11, as well as the overflowing which occurred in all fermentations. Foam 
fractionation reduced the amount of uncontrolled overflow, whilst increasing the column 
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air supply from 600 cc min-1 to 1000 cc min-1 reduced the total amount of overflow from 
255.3 g to 44.3 g, as well as delaying the onset of uncontrolled foam generation. 
Increasing the foam column air flow rate had an effect on the foamate and overflow 
collected, as well as biomass retention and HFBII recovery and enrichment. From Figure 
6.3 it is apparent that the amount of foamate generated increases with decreasing foam 
column residence time, i.e. a greater airflow rate and consequently a higher superficial gas 
velocity in the foam column. As surface active species are efficiently removed from 
solution by the foam fractionation process, quicker foamate production corresponds to an 
increased rate of removal of surface active species present in the fermentation broth. A 
greater surface area flow rate up the column increases the rate at which surface active 
species are stripped from the broth, through their adsorption to the rising gas/liquid 
interfaces of the foam bubbles. The increased stripping rate reduces foaming in the 
fermenter vessel and hence minimises uncontrolled overflow.  
The residence time of broth in the fermenter also affected the amount of 
uncontrolled foaming which occurred during fermentations. The maximum residence time 
of broth in the fermenter vessel can be calculated in the limit of maximum fermentation 
working volume, which is reached at the end of fermentations. As well as changing the 
liquid flux in the foam column increasing the foam column feed rate reduces the residence 
time of broth in the fermenter. For Fermentation 10 the maximum fermenter residence time 
was calculated as 167 minutes, approximately 3 hours, with a lower residence time of 84 
minutes, around 1.5 hours, in Fermentation 11.  
Figure 6.4 is presented after Section 6.5 and details the percentage distribution of 
the fermenter broth (mass), dry matter and HFBII across the fermenter vessel, foamate, 
overflowed liquid and overflowed foam phases at the end of Fermentations 10 and 11. No 
overflowed foam fraction data is presented in Figure 6.4(b) as the overflowed material 
from Fermentation 11 comprised solely of liquid at the end of the fermentation. Labels on 
the bars indicate the total amounts of the respective quantity in each fraction. A similar plot 
for Fermentation 8, without antifoam, was given in Chapter 5, Section 5.4.3, Figure 5.15. 
Further discussion of the end of fermentation dry matter and HFBII distributions is given 
in Sections 6.5 and 6.6. 
Considering the end of fermentation distribution of fermentation mass shown in 
Figure 6.4(b) it is clear that overflow generation was reduced in Fermentation 11 compared 
to Fermentation 10, with foamate collected increased by a factor of 1.4, due to the higher 
foam column air flow rate. At the end of Fermentation 10 50.8 % of the fermentation mass 
remained in the fermenter vessel, with 33.5 % collected as foamate and 15.7 % overflow, 
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see Figure 6.4(a). During Fermentation 11 proportionally more of the fermentation mass 
was collected as foamate, 45.7 % with a similar portion of the fermentation broth 
remaining in the fermenter, 51.7 %, whilst the amount of overflow was reduced to 2.6 % of 
the total fermentation mass. In contrast nearly half, 47.1 %, of the total fermentation mass 
was lost as overflow in Fermentation 8 without foam fractionation. 
 
 
 
  
Figure 6.3 Foamate and overflow generated during fermentations without antifoam 
a) Overflow and foamate generation, 
fed batch fermentation 10 
b) Overflow and foamate generation, 
fed batch fermentation 11 
 
c) Comparison of overflow and foamate collected 
during fed batch fermentations 8, 10 and 11 
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6.5 Biomass Retention 
Biomass is lost from the fermenter vessel when foaming occurs, whether controlled 
or uncontrolled. This is undesirable as it results in a reduction of HFBII productivity 
because of the reduced number of cells present in the fermenter capable of producing 
hydrophobin. Thus it is favourable to design a foam separation process in which biomass 
retention can be maximised and controlled. 
At the end of Fermentation 10 87.80 % of the total dry matter produced remained in 
the fermenter vessel, with 9.12 % in the foamate and 3.09 % in the overflowed broth, see 
Figure 6.4(a). Figure 6.4(b) shows the effect of altering the foam column operating 
parameters in Fermentation 11 on dry matter retention. Fermenter dry matter retention 
increased to 94.77 % in Fermentation 11, whilst the carryover of dry matter in the foamate 
and overflow were reduced to 5.12 % and 0.11 % respectively. A greater proportion of the 
total dry matter produced was retained in the fermenter in Fermentation 11, with 1.8 times 
less dry matter in the foamate compared to Fermentation 10, along with a greater amount 
of the total HFBII produced, see Section 6.6. 
Figure 6.1(c) and Figure 6.2(c) show that the dry matter concentration in the 
foamate of both experiments with foam fractionation reported went through a peak at 
around 39 hours, suggesting that foaming conditions in the foam column changed around 
this time, with foamate after this containing fewer cells. From Figure 6.3 it is clear that this 
peak in foamate dry matter coincided with a rapid change in the rate of foamate collection. 
Proportionally very little foamate was collected up to 39 hours into the fermentations, with 
biomass accumulating during this period. After 39 hours foamate was collected rapidly, 
with the dry matter concentration falling. It is counterintuitive that increasing the airflow 
rate in the foam column in Fermentation 11 actually resulted in a reduction of biomass in 
the foamate. It might be expected that the resulting higher superficial gas velocity, and 
hence reduced residence time over which liquid drainage from the foam could take place, 
to increase the amount of biomass in the foamate. Instead increasing the feed rate and 
aeration rate reduced the amount of biomass carried in the foam into the foamate. This 
could be due to flow effects in the foam, with a greater liquid flux in the column cells 
could be ‘washed’ from the interface and consequently returned to the fermenter rather 
than be carried into the foamate. 
Biomass retention can be further quantified through the foamate cell enrichment, 
found to be 0.62 in Fermentation 8, with cell enrichments of 0.16 in Fermentation 10 and 
0.06 in Fermentation 11. These cell enrichments are very low and compare favourably to 
the B.subtilis enrichment value of 0.4 reported by (Davis et al. 2001). However direct 
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comparison between cell enrichment values for different systems needs to be considered 
carefully as the presence of biosurfactant and the affinity of the microorganism for the 
bubble interface all play a role. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
a) Fed batch fermentation 10 with foam fractionation, fermenter (), 
foamate (), overflowed liquid () and overflowed foam () 
b) Fed batch fermentation 11 with foam fractionation, fermenter (), 
foamate () and overflowed liquid () 
Figure 6.4 End of fermentation distribution of fermenter contents, dry matter and 
HFBII for fermentations with integrated foam fractionation 
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6.6 Comparison of HFBII production, enrichment and recovery 
6.6.1 HFBII production 
Total HFBII production varied between both fermentations with foam fractionation 
with much lower overall production achieved in Fermentations 10 and 11 than in 
Fermentation 8 without antifoam, see Table 6.2. In total 37.5 mg of HFBII were produced 
in Fermentation 11, 14.4 mg in Fermentation 10 and 227.2 mg in Fermentation 8. For 
comparison the total HFBII production achieved in Fermentation 7, without foam 
fractionation, with the same fermentation protocol and the addition of antifoam was 
434 mg at a concentration of 260.0 mg L-1, with an end of fermentation dry matter 
concentration of 64.7 g kg-1 in the fermenter. Across all fermentations without antifoam, 
summarised in Table 6.2, the HFBII content of the uncontrolled overflow varied from 
222.9 mg in Fermentation 8 to 7.9 mg and 6.8 mg in Fermentations 10 and 11 respectively. 
In Fermentation 13, which was carried out at a larger scale, 700.0 mg of HFBII 
overflowed, from a total production of 1414.0 mg. In fermentations with integrated foam 
fractionation the HFBII content of the foamate varied significantly, with 6.5 mg in 
Fermentation 10 and 26.2 mg in Fermentation 11. Figure 6.2(d) shows the variation of 
HFBII concentration in the fermenter vessel and foamate throughout Fermentation 11, as 
well as the end of fermentation overflow HFBII concentration, a similar plot is shown for 
Fermentation 8 in Chapter 5, Section 5.4.1. In Fermentation 11 the foam fractionation 
process successfully removed the hydrophobin protein from the fermenter broth with a low 
HFBII concentration maintained in the fermenter vessel throughout the experiment. 
It seems that at the low HFBII yield achieved in Fermentations 10 and 11 and the 
reduction in uncontrolled overflow was related to the reduction in fermenter residence time 
as well as the foam column residence time. Both allow for all surface active species present 
in the broth to be stripped out at a greater rate, reducing the amount of foaming which 
occurs. This was the rationale for increasing the feed rate in Fermentation 11 as it was 
apparent that the surfactant removal rate was insufficient in Fermentation 10 and it seemed 
that reducing fermenter residence time would reduce the uncontrolled overflow, as was 
observed experimentally. 
6.6.2 HFBII enrichment and recovery 
The enrichment and recovery of HFBII in the foamate and any uncontrolled 
overflow are given for each fermentation in Table 6.2. No enrichment values are reported 
for Fermentation 10 as the residual HFBII concentration in the fermenter at the end of the 
fermentation was below the lower detection limit of the HPLC apparatus used. In 
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Fermentation 11 69.8 % of the total amount of HFBII produced was recovered in the 
foamate, compared to 42.7 % of HFBII recovered in the foamate in Fermentation 10, see 
Figure 6.4. Despite the high concentration of HFBII in the overflowed broth from 
Fermentation 11 only 18.1 % of the total hydrophobin produced was lost as overflow. In 
Fermentation 11 a foamate HFBII enrichment of 6.6 was measured with an overflow 
enrichment of 29.2. The higher enrichment of hydrophobin in the overflow suggests that 
the difference in foaming conditions between the foam column and fermenter affects the 
separation efficiency. Enrichment and recovery of HFBII in the overflow were reduced in 
fermentations with foam fractionation, 10 and 11, compared to Fermentation 8 without 
foam fractionation, where the recovery of HFBII in the overflow was 98.1 % at an 
enrichment of 54.6. 
6.7 Comparison of fermentations without antifoam 
Fermentation progress was continuously monitored through online determination of 
off gas oxygen and carbon dioxide composition. Values of the respiratory quotient (RQ) 
were calculated from the oxygen uptake and carbon dioxide formation rates derived from 
the measured off gas composition. RQ characterises the state of the cell population in the 
fermenter and gives an indication of the microorganism’s metabolic behaviour. In 
fermentations with S. cerevisiae RQ =1 for the oxidation of glucose to carbon dioxide and 
water, RQ > 1 corresponds to the fermentation of glucose, either under anaerobic 
conditions or aerobic conditions with a high glucose concentration in the growth media, 
and RQ < 1 indicates that the fermentative carbon source is depleted and that ethanol 
oxidation predominates. Figure 6.5 shows the rates of oxygen uptake, rO2, carbon dioxide 
formation, rCO2, and RQ for all three fermentations.  
During the first six hours of the batch stage of Fermentation 8 (without foam 
fractionation) RQ and rCO2 increased rapidly, with RQ >1, peaking at a value of 3.7, see 
Figure 6.5(a). Over this period glucose was fermented, producing ethanol. After eight 
hours of fermentation all glucose in the batch media had been consumed and the RQ fell to 
an approximately constant value of 0.6 whilst the previously produced ethanol was 
consumed. Throughout the whole batch stage of Fermentation 8, the first 15 hours, rO2 
steadily increased as biomass accumulated in the fermenter vessel. Two peaks in rCO2 
were also observed, the first, larger peak occurring at the point at which all glucose had 
been consumed and the second at the end of the batch stage where all further carbon 
sources had been depleted. Feeding began 15 hours into Fermentation 8, and during the fed 
batch stage rCO2 and rO2 increased exponentially with RQ ≈ 1 as HFBII was produced. 
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The same trends in behaviour are evident in Fermentation 11, Figure 6.5(c). RQ peaked at 
4.2 during the batch stage of Fermentation 11, with RQ ≈ 1 during the fed batch stage of 
the fermentation. The recirculating foam column feed was started at the fed batch 
transition, 16 hours into Fermentation 11. Similar peak values of rCO2 ≈ 70 mmol hr-1 and 
rO2 ≈ 80 mmol hr-1 during the batch stage of both fermentations were also observed. The 
similarity between Figure 6.5(a) and Figure 6.5(c) demonstrates that operating the 
recirculation loop and foam fractionation column during the fed batch stage of 
Fermentation 11 did not adversely affect the growth of the cell population. 
Figure 6.5(b) shows off gas and RQ data for Fermentation 10. Overnight blockage 
of the exit filter to the gas analyser caused the loss of off gas composition data in the first 
12.5 hours of the fermentation as well as the decline in rO2 and rCO2 between 24 and 
37 hours, see Figure 6.5(b). The rO2 values throughout Fermentation 10 were very low 
indicating that the number of viable cells in the whole population was low. For the periods 
of the fed batch stage for which off gas composition was correctly recorded, 17 to 24 and 
37 to 63 hours, RQ ≈ 1. In the batch stage of Fermentation 10 rCO2 attained a maximum 
value of 29 mmol hr-1 at 14 hours. 
The variation of RQ over the course of all three fermentations is shown in  
Figure 6.5(d) The RQ values for Fermentations 8 and 11 are similar over the whole course 
of the experiments, with a peak and rapid drop off in RQ two-thirds of the way through the 
batch stage as glucose was exhausted and ethanol metabolism started. The final spike in 
RQ shown for Fermentation 11 after 48.5 hours in figure 2(d) is an artefact of the off gas 
analysis, due to the oxygen uptake rate being close to zero as fermentation had been 
stopped, by manually reducing the temperature and stopping aeration. The similar RQ 
values for Fermentations 8 and 11 indicate that the inclusion of the recirculation loop and 
removing broth from the fermenter vessel with controlled foaming did not adversely affect 
cell metabolism. However it is clear that in Fermentation 10 the operating conditions of the 
foam column had a negative effect on fermentation performance, with the lower retention 
of biomass in the fermenter vessel, as discussed in Section 6.5, leading to reduced rCO2 
and rO2 values at the end of the batch stage of the fermentation and hence low HFBII 
production. The anomalous spikes in the RQ data for Fermentation 10, seen in Figure 
6.5(d) at 15 and 37 hours, and gaps in the data collected due to off gas analysis problems 
make it difficult to compare RQ values from Fermentation 10 with those from 
Fermentations 8 and 11. 
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Figure 6.5 Comparison of microorganism population behaviour between 
fermentations without antifoam, with and without integrated foam fractionation 
a) rCO2, rO2 and calculated RQ values 
throughout Fermentation 8, without antifoam 
b) rCO2, rO2 and calculated RQ values 
throughout Fermentation 10, with foam 
fractionation 
c) rCO2, rO2 and calculated RQ values 
throughout Fermentation 11, with foam 
fractionation 
d) Variation of RQ over the whole of 
Fermentations 8, 10 and 11 
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6.8 Summary 
It is shown that by using foam fractionation to strip HFBII from fermentation broth 
in situ the amount of uncontrolled overflow from the fermenter was greatly reduced from 
770 g to 44.8 g, compared to previous fermentations without foam fractionation. Through 
optimisation of the foam column operating conditions the proportion of dry matter retained 
in the fermenter was increased from 88 % to 95 %, in contrast to dry matter retention of 
66 % for fermentation without the new foam fractionation design. Using the integrated 
foam fractionation process an HFBII recovery of 70 % was achieved at an enrichment of 
6.6. The results presented in this Chapter demonstrate the utility of integrated foam 
fractionation in minimising uncontrolled foaming in fermenters whilst recovering an 
enriched product. 
The design of the integrated foam fractionation apparatus allowed for the aeration 
rate to the fermenter to be optimised to meet the biological oxygen demand of the 
microorganism and the foam column air flow rate to be independently varied, giving direct 
control over the rate of foamate generation and HFBII recovery and enrichment. Reducing 
the foam column residence time from 66 seconds to 44 seconds reduced the amount of 
overflow from 255 g to 45 g, a reduction of a factor of 17 compared to earlier 
fermentations without recirculating foam fractionation. Biomass production and retention 
in the fermenter were high, with up to 95 % of the total dry matter retained. However the 
high biomass retention did not translate into high HFBII production, most probably due to 
overfeeding of glucose causing a low HFBII yield. 
Around 10% of fermentation volume was resident in the foam column at any point 
in time, with the result that overfeeding of glucose in the fermenter occurred. Given that 
the rCO2, rO2 and RQ values are similar for Fermentations 11 and 8 it is likely an excess of 
glucose in the fermenter hindered HFBII production. Overfeeding could have led to a 
glucose concentration in excess of 0.5 %, inhibiting the uptake of galactose by the GAL7 
promoter and hence preventing expression of the hfb2 gene, stopping HFBII production. 
This scenario is most likely the cause of the low HFBII production, due to a reduced yield 
of protein on biomass rather than less biomass growth. The observation that decreasing the 
recirculation loop residence time by increasing the feed rate to the foam column improved 
production is consistent with this hypothesis. Further development of this work would 
involve a more detailed investigation of the effect of recirculation loop residence time on 
the productivity of fermentations. There is also the potential to increase HFBII production 
by optimising the feed profile, taking into consideration the removal of fermentation broth 
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and biomass from the fermenter vessel as part of the integrated foam fractionation process. 
For more discussion of future work see Chapter 7. 
Reducing the time taken for all material to travel around the recirculation loop 
improved fermentation performance in terms of HFBII production, due to broth and 
biomass spending more time in the fermenter vessel and hence at optimum conditions. A 
reduction in end of fermentation foamate dry matter values was noted as column airflow 
was increased with 4.5 g kg-1 at the end of Fermentation 11 compared to 11.4 g kg-1 in 
Fermentation 10, a reduction of a factor of 2.5. Taking into account the volume of foamate 
collected in each experiment further highlights the improvement of performance in 
Fermentation 11 with increased biomass retention leading to a higher HFBII production. 
Interestingly total dry matter production was marginally greater in Fermentation 10 than 
Fermentation 11, 67.4 g verses 66.9 g. If the total time of Fermentation 11 had been 
extended it is expected that far more biomass would have accumulated in the fermenter and 
hence HFBII production would have been increased.  
Increasing the foam column air flow rate had an effect on the foamate and overflow 
collected, as well as biomass retention and HFBII recovery and enrichment. From Figure 
6.3 it is apparent that the amount of foamate generated increases with decreasing foam 
column residence time, i.e. a greater airflow rate and consequently a higher superficial gas 
velocity in the foam column. As surface active species are efficiently removed from 
solution by the foam fractionation process, quicker foamate production corresponds to an 
increased rate of removal of surface active species present in the fermentation broth. A 
greater surface area flow rate up the column increases the rate at which surface active 
species are stripped from the broth, through their adsorption to the rising gas/liquid 
interfaces of the foam bubbles. The increased stripping rate reduces foaming in the 
fermenter vessel and hence minimises uncontrolled overflow.  
The model of foam fractionation with reflux presented by Martin et al. (2010) can 
be used to give insight into the behaviour of the recirculating foam fractionation system 
and model the rate of foamate generation. At the top of the column foam is collapsed and 
enriched foamate collected at a rate equal to the product of the net upwards superficial 
liquid velocity, jf, and the cross sectional area of the foam column, A. From the data shown 
in Figure 6.3 a mean value of jf can be calculated over the production phase. The value of jf 
was calculated as 0.0059 mm s-1 between 37 and 45 hours for Fermentation 10 and 
0.0101 mm s-1 for Fermentation 11, between 39 and 47 hours. From these two experiments 
it is apparent that jf and the superficial gas velocity in the foam column, jg, scale 
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proportionally with each other i.e. increasing jg by a factor of 1.67 increased the 
corresponding jf by a factor of 1.71. 
The feasibility of an integrated recirculating foam fractionation process has been 
demonstrated, although total HFBII production was limited. It is not clear what brought 
about the sudden end to Fermentation 11 after 47 hours, however if fermentation time was 
extended it is anticipated that hydrophobin protein production could be increased. There is 
evidence that an optimisation of the feed profile could also improve the productivity of the 
integrated process, by avoiding an excess of glucose in the fermenter and ensuring proper 
expression of the hfb2 gene. Foam column control parameters were varied independently 
and their influence on biomass retention and HFBII recovery demonstrated by the marked 
improvement in both of these quantities from Fermentation 10 to Fermentation 11. The 
potential to develop the work presented in this Chapter is discussed in Chapter 7, 
Section 7.2.
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7 Conclusions and Further Work 
7.1 Conclusions 
The research findings presented in this thesis are centred on a series of fermentation 
experiments which were conducted to assess the impact of controlled and uncontrolled 
foaming and fermentation scale on HFBII production. The results from a series of 
equilibrium and dynamic surface tension, surface pressure, foam stability and foam 
fractionation experiments yielded useful information regarding the behaviour of HFBII at 
the air-water interface. The knowledge gained from these experiments was used in the 
design and process trials of a novel integrated fermentation and foam fractionation process. 
A review of the relevant literature was presented in Chapter 2, where the origins 
and nature of biosurfactants were discussed and the hydrophobin protein HFBII 
introduced. The process of fermentation was also discussed and presented along with 
background information on foam and foam fractionation. A summary was made of 
previously reported attempts at using foam fractionation for biosurfactant enrichment and 
recovery, which is used as a basis for comparison when interpreting the fermentation 
results reported in this thesis. 
A characterisation of the surface properties of HFBII fermentation broth was made 
in Chapter 4 with broad agreement between experimental findings and the literature. It was 
found that at equilibrium HFBII molecules absorbed to the air-water interface, determining 
the properties of the surface. The suitability of foam fractionation to strip HFBII from 
fermentation broth was demonstrated and the potential to control the separation efficiency 
was indicated by measuring the dynamic surface tension of the foamed material. These 
surface tension measurements showed that the composition of surface active species in the 
foamate and bottoms could be altered by varying the foam column operating conditions, 
achieving separation based on the different adsorption kinetics of the various surface active 
species present.  
The development of HFBII producing fed batch fermentations at The University of 
Manchester was presented in Chapter 5, with a marked improvement in production being 
achieved in later fermentations. Fermentations carried out on a larger scale at Unilever 
R&D, Vlaardingen, NL were shown to be comparable to fermentations carried out at The 
University of Manchester. The scalability of fermentations with antifoam was 
demonstrated by the calculation of the yield of HFBII on dry matter and an average 
production rate. Direct comparison of the specific HFBII production rates measured in 
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Fermentations 7 and 12 with antifoam, 0.21 and 0.18 mg g-1 hr-1 respectively, 
demonstrates the scalability of the process. However the total HFBII production was lower 
in smaller volume fermentations, scaling by a factor of 6.5, compared to the geometric 
scaling factor of 6. 
In Chapter 5 the effect of antifoam on HFBII production was also investigated, with 
the overflowing of fermenter contents due to foaming quantified along with biomass 
retention and HFBII carryover. Uncontrolled foaming was detrimental to total protein 
production on both scales investigated, primarily due to the loss of biomass from the 
system. The potential to recover HFBII via a controlled integrated foaming process was 
indicated by the high average protein enrichment of 54.6 and recovery of 98.1 % in 
Fermentation 8.  
Results from trials of a newly developed fermentation and foam separation process 
were presented in Chapter 6. Foam fractionation was utilised for the continuous recovery 
of extracellular HFBII from fermentation broth, with a novel, recirculating system. The 
design of the apparatus allowed for the fermenter aeration rate to be optimised for the 
biological oxygen demand of the microorganism and the foam column air flow rate to be 
independently varied, giving direct control over the rate of foamate generation. Reducing 
the foam column residence time from 66 seconds to 44 seconds reduced the amount of 
uncontrolled foam overflow from 255 g to 45 g, a reduction of a factor of 17 compared to 
earlier fermentations without recirculating foam fractionation. Biomass production and 
retention in the fermenter were high, with up to 95 % of the total dry matter retained. 
However the high biomass retention did not translate into high HFBII production, most 
probably due to overfeeding of glucose causing a low HFBII yield.  
 In this work the need for efficient biosurfactant production routes has been 
indentified and a novel process invented for the primary recovery of biosurfactant from 
fermenters in response. The process developed is especially suited to the production of 
fermentation broths with high product concentrations where complete recovery and 
crystallisation of the biosurfactant is not required for the end application. This minimises 
the need for further downstream separation unit operations, reducing the complexity of 
production. Experimental results show that it is possible to achieve simultaneous high 
enrichment and recovery of HFBII using foam separation. HFBII is a protein with great 
potential for use in creating aerated food products with superior stability. The application 
of foam fractionation during the production stage is made more attractive by removing the 
requirement of antifoam during production which would otherwise complicate downstream 
processing and potentially hinder product performance. 
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Although foam fractionation is an elegant method for in situ recovery of 
biosurfactants from fermenters the adoption of foam separation techniques would require 
changes to the current manufacturing processes used by industry. The most significant 
challenge is presented by the complete removal of antifoaming agent from the fermentation 
growth media. Difficulties are anticipated in persuading biosurfactant manufacturers to 
stop antifoam use and instead rely solely on in situ recovery to prevent uncontrolled 
foaming in the main fermenter vessel. The results presented here show that control of foam 
overflow from the fermenter vessel is possible, however the consequences of a loss of 
process control and hence foam overflow would be severe on an industrial scale. These 
loss of containment problems become more acute if genetically modified organisms are 
being used for biosurfactant production. If the integrated foam fractionation process is to 
be used for industrial production then robustness must be demonstrated for a range of 
biosurfactants on much larger scales. 
7.2 Further work 
There are several portions of the research presented in this thesis which it would be 
interesting to explore further if time permitted. Although the potential of the integrated 
fermentation and foam fractionation process has been demonstrated HFBII production in 
these fermentations was low. An investigation into the effect of recirculation loop 
residence time and the fermentation feed profile would be worthwhile, as optimising these 
two variables should increase production. The feed profile is especially relevant as in the 
trials conducted high biomass levels and retention in the fermenter vessel did not translate 
into high HFBII production. This low production was probably due to glucose levels in the 
fermenter being too high, preventing induction of the hfb2 gene. This process improvement 
would take the form of a series of further fermentation experiments in which the feed 
profile would be improved reducing the feed rate to maintain lower glucose levels. 
Measurement of glucose concentration during the whole fermentation, as done for the 
batch stages of early fermentations, would also be beneficial. 
The model of foam fractionation with reflux developed by Martin et al. (2010) was 
used to produce tentative theoretical results for HFBII, not reported in this thesis. The 
forced drainage data presented in this thesis were used in the model and some insight into 
the effect of reflux ratio on HFBII separation was gained. Expanding the model to the 
stripping process used in the integrated fermentation and foam fractionation process and 
refining it to give accurate results would involve re-casting the mass balance equations for 
the new system and including a competitive adsorption process. Development of such a 
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model of the HFBII recovery process would complement further experimental work and 
help create a robust HFBII production strategy. 
Further validation of the integrated foam fractionation process could also be 
achieved by using the experimental apparatus already setup for fermentations utilising 
different microorganisms, producing different biosurfactants. A list of microorganisms and 
their native biosurfactants was given in Chapter 2, Section, 2.1.2 Table 2.1. Due to the 
large amount of information available in the literature for comparison surfactin, a cyclic 
heptapeptide from Bacillus subtilis, would be an ideal starting candidate for broadening the 
range of biosurfactants produced with the novel foam fractionation process. Experiments 
similar to those presented in this thesis could be conducted; firstly establishment and 
optimisation of surfactin production with antifoam, to set a datum for comparison of other 
results. Secondly uncontrolled foaming in fermentations without antifoam could be carried 
out, followed by experiments with integrated foam fractionation. The integrated foam 
fractionation results could be compared to those reported by Davis et al (2001), Chen et al. 
(2006a) and Chen et al. (2006b), summarised in Chapter 2, Section 2.4. 
After lab scale production has been optimised and the process model refined, the 
next step in turning the novel foam fractionation process presented in this thesis into an 
industrially viable biosurfactant manufacturing route is to begin scale up. The best way to 
approach scale up experiments would be with an industrial partner interested in the 
manufacture and commercialisation of biosurfactants. In kind support would allow process 
trials to be conducted on larger scales, not attainable within The University of Manchester. 
The microorganisms and hence biosurfactants used in such trials would be dictated by the 
market needs of the collaborator. Large scale trials would allow data on the effectiveness 
of the integrated foam fractionation process to be gathered, which is essential if this type of 
in situ foam separation process is ever to be adopted as a route to commercially viable 
biosurfactant production in place of currently used processes such as chromatography, 
expanded bed adsorption and ultrafiltration. 
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Appendices 
A: Sample HPLC chromatogram 
 Sample HPLC chromatograms are shown in Figure A.1 and Figure A.2. The HPLC 
procedure used to analyse all samples for HFBII content is described in Chapter 2, Section 
3.7.5.2. 
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Figure A.1 Sample chromatogram of HFBII standard, 187 µg mL-1, injection volume 20 µL. 
1.HFBII peak 2.Solvent peak 3.Solvent gradient, percent solvent B, ACN+0.1 % TFA 
Figure A.2 Sample chromatogram of HFBII fermentation broth sample, injection volume 
20 µL. 1.HFBII peak 2.Solvent peak 3.Solvent gradient, percent solvent B, 
ACN+0.1 % TFA 4.Other fermentation broth component peaks 
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B: Publications 
Off prints of two of the journal publications arising from the research contained in 
this thesis are included in the following pages. A paper containing results from 
fermentations with and without antifoam, presented in Chapter 5, entitled “Characterisation 
of HFBII biosurfactant production and foam fractionation with and without antifoaming 
agents” was published in Applied Microbiology and Biotechnology. A second paper 
entitled “Integrated recirculating foam fractionation for the continuous recovery of 
biosurfactant from fermenters” in which results from trials of the integrated fermentation 
and foam fractionation system were presented, see Chapter 6, was published in the 
Biochemical Engineering Journal.  
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Abstract The effects of foaming on the production of the
hydrophobin protein HFBII by fermentation have been
investigated at two different scales. The foaming behaviour
was characterised in standard terms of the product
enrichment and recovery achieved. Additional specific
attention was given to the rate at which foam, product and
biomass overflowed from the fermentation system in order
to assess the utility of foam fractionation for HFBII
recovery. HFBII was expressed as an extracellular product
during fed-batch fermentations with a genetically modified
strain of Saccharomyces cerevisiae, which were carried out
with and without the antifoam Struktol J647. In the
presence of antifoam, HFBII production is shown to be
largely unaffected by process scale, with similar yields of
HFBII on dry matter obtained. More variation in HFBII
yield was observed between fermentations without anti-
foam. In fermentations without antifoam, a maximum
HFBII enrichment in the foam phase of 94.7 was measured
with an overall enrichment, averaged over all overflowed
material throughout the whole fermentation, of 54.6 at a
recovery of 98.1%, leaving a residual HFBII concentration
of 5.3 mg L−1 in the fermenter. It is also shown that
uncontrolled foaming resulted in reduced concentration of
biomass in the fermenter vessel, affecting total production.
This study illustrates the potential of foam fractionation for
efficient recovery of HFBII through simultaneous high
enrichment and recovery which are greater than those
reported for similar systems.
Keywords Biosurfactant . Hydrophobin . Foam . Foam
fractionation . Fermentation . Antifoam
Introduction
Microbially produced biosurfactants are capable of fulfilling
many of the roles for which petrochemical or oleochemical
surfactants are currently used. The global market for surfac-
tants is 12 million tonnes per annum with an average annual
growth of approximately 3% (Edser 2008). Their unique
properties also offer potential for exploitation in novel
applications such as crude oil recovery, environmental
bioremediation, food processing and pharmaceuticals (Banat
et al. 2010; Desai and Banat 1997). However, for this to be
realised on a large scale there needs to be further
development of fermentation processes and downstream
separation techniques for efficient biosurfactant production.
Biosurfactants currently of interest include surfactin
from Bacillus subtilis, rhamnolipids from Pseudomonas
aeruginosa and hydrophobin proteins from fungi such as
Trichoderma reesei. This paper is specifically concerned on
the production of HFBII, a hydrophobin protein, as part of
a broader study of its novel applications. Hydrophobins are
a group of small, self-assembling proteins of around 100
amino acids and are secreted by filamentous fungi
(Hakanpää et al. 2006; Wessels 1996). The hydrophobin
family can be split into two categories, class I and class II,
which are distinguished by the aqueous solubility of their
aggregates. Class I aggregates are highly insoluble, whereas
aggregates of class II are soluble in aqueous solutions of
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SDS or ethanol (Wessels 1996). Both classes of hydro-
phobin have similarities, namely eight conserved cysteine
residues which occur in a specific pattern in the primary
sequence (Linder et al. 2005), between which four
disulphide bonds are formed, creating a stable secondary
structure. This stabilisation leaves hydrophobic amino acid
residues exposed, making the protein amphiphilic. The
natural functions of these amphiphiles are based on their
surface properties. As an example, the excretion of a
hydrophobin into aqueous growth medium by a submerged
fungus lowers the interfacial tension of the surface,
allowing hyphae to escape and form aerial structures
(Wösten et al. 1999).
Recent work in various fields has highlighted the utility
of the class II hydrophobin HFBII from T. reesei. The
diverse proposed applications all exploit the surface
properties of the protein in different ways. The long term-
stability of aqueous foams formed from solutions of HFBII
at a concentration of 0.1 wt.% is reported by Cox et al.
(2008). The protein imparts stability to foam by self-
assembling at the bubble surface, forming a film with a
high surface dilatational elasticity which retards dispropor-
tionation, diffusion of gas from small to large bubbles due
to a difference in Laplace pressure (Blijdenstein et al.
2010). The stabilisation of aerated structures can be used to
improve the performance of food foams and emulsions
(Tchuenbou-Magaia et al. 2009). The dispersion of ex-
tremely hydrophobic materials such as polytetrafluoro-
ethylene in water can be improved by adding HFBII to
the system, allowing improved coatings and lubricants to be
created (Lumsdon et al. 2005). Elsewhere, other hydro-
phobins have been used to increase the bioavailability of
drugs in oral suspensions (Haas Jimoh Akanbi et al. 2010).
Many of the potential uses of HFBII involve consump-
tion of the protein in some form by humans. Hydrophobins
are generally regarded as safe for human consumption, due
to their presence in naturally occurring and widely
consumed foods such as the common button mushroom,
Agaricus bisporus, (Linder 2009). However, the production
method must be chosen to allow genetic material from the
microorganism to be completely separated from the
product. The straightforward way to achieve separation of
cellular material is to produce HFBII extracellularly (Cox et
al. 2010). Previously reported HFBII production methods
involve aerobic fungal fermentation of overproducing
cultures of T. reesei on a glucose or lactose medium, giving
an extracellular product which can be recovered from the
fungal mycelium and the growth media (Askolin et al.
2001). To control foaming in these fermentations, antifoam
addition was required with Struktol J633, a polyoleate
antifoam, being used (Bailey et al. 2002). Genetic modifi-
cation allows other host microorganisms to be used. For
instance, fusion protein of the class I hydrophobin DewA
and the B. subtilis protein yaaD, which has surface
properties similar to those of hydrophobins, have been
expressed in modified E. coli as inclusion bodies (Wohlleben
et al. 2009).
The control of foaming in fermentations is critical to
production and process scale up. The potential for
problematic foaming is high in aerated systems where
extracellular biosurfactant products are present, due to
their surface activity. Methods for limiting foaming in
fermentations, including the use of various commercially
available antifoaming agents are discussed by Junker
(2007). Other possible strategies include the ultilisation of
foaming to selectively remove biosurfactant from the
growth medium as it is produced, using a process called
foam fractionation.
Foam fractionation is a method for enriching solutions of
surface active species. A rising foam is formed by sparging
gas through a liquid pool. The liquid fraction of the
resulting overflowing foam reduces over time, meaning
the adsorbed surfactant is recovered in a reduced volume,
an enriched liquid known as foamate being obtained. The
performance of foam fractionation can be evaluated using
two parameters, surfactant enrichment and recovery, de-
fined in Eqs. 1 and 2 below;
Enrichment ¼ Cf
Ci
ð1Þ
Recovery ¼ CfVf
CiVi
 100 ¼ CiVi  CrVr
CiVi
ð2Þ
where, Cf is the biosurfactant concentration in the foamate;
Ci is the initial biosurfactant concentration; Cr is the
remaining biosurfactant concentration after foaming; Vf is
the foamate volume; Vi is the initial liquid volume; and Vr is
the liquid volume remaining after foaming.
The use of foam fractionation for biosurfactant recovery
from culture broth has the potential to reduce the cost of
downstream processing which currently contributes approx-
imately 60% to the total cost of production (Mukherjee et
al. 2006). Foam fractionation can be applied either as a
downstream unit operation or as an integrated process for in
situ recovery. Chen et al. (2006a), Davis et al. (2001) and
Sarachat et al. (2010) demonstrated that batch foam
fractionation can yield high recoveries, at the expense of
low enrichments. When foam fractionation is integrated
with the production stage, biosurfactant can be efficiently
recovered from the cultivation vessel (Chen et al. 2006b).
Foam fractionation can also be applied to increase the
productivity of fermentations through the reduction of
product degradation (Liu et al. 2010). Results from
previous foam fractionation studies are summarised in
Table 1.
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This paper presents a summary of previous experimental
studies of biosurfactant foam fractionation, which has been
undertaken in order to classify the general behavior of these
systems. The paper then reports the findings of a new study
of fed-batch HFBII production with and without antifoam
agent and on two different scales. Specific attention was
paid to trace the biomass and HFBII distribution throughout
the fermentation and to relate this to the production
kinetics. The rate of foam generation during fermentations
without antifoam was studied, and whilst uncontrolled
foaming had a negative effect on total HFBII production
the potential for using foam separation techniques for the
controlled recovery of extracellular biosurfactant products
is demonstrated. A mass balance over the whole system
showing the removal of surface active products and
concentration of biomass in the fermenter by foaming is
reported. A comparison was made with similar studies in
the literature (see Table 1) to indicate suitable designs of
second generation integrated foam fractionation equipment
for fermentation.
Materials and methods
Strain information
HFBII was produced using a modified strain of Saccharomy-
ces cerevisiae, CBS128322, which under the correct con-
ditions expresses the hydrophobin protein as an extracellular
product. The strain was constructed according to the
procedure outlined in example 1 by Chapman et al. (2010).
Fermentation
Hydrophobin producing fed-batch fermentations were
carried out on two different scales. Larger fermentations
of 10 L working volume were done at Unilever R&D,
Vlaardingen, NL, using a Sartorious Biostat B plus system
(Sartorious, DE) and in-house built custom vessels, having
a height to diameter ratio (H/D) of 1.76. Fermentations
carried out at The University of Manchester, UK were
reduced by a geometric scaling factor of 6 to 1.67 L
working volume, using an Electrolab FerMac 320 fermen-
tation system (Electrolab, UK), vessel H/D=2. Media for
all fermentations was made to the same recipe, with the
batch medium containing 22.0 g L−1 glucose, 2.1 g L−1
KH2PO4, 0.6 g L
−1 MgSO4·7H2O, 10.0 g L
−1 yeast extract,
10.0 g L−1 trace element solution and 1.0 g L−1 vitamin
solution. The glucose-rich feed medium contained
440.0 g L−1 glucose, 3.0 g L−1 galactose, 12.0 g L−1
KH2PO4, 2.5 g L
−1 MgSO4·7H2O, 25.0 g L
−1 yeast extract,
20.0 g L−1 trace element solution and 2.0 g L−1 vitamin
solution (van de Laar et al. 2007). If foam suppression was
desired, 0.42 g L−1 of the polyalkylene glycol antifoam
Struktol J647 (Schill and Sellacher, DE) was added to batch
stage media and 1.62 g L−1 to the feed media.
A 10% inoculum of 24 h mid-exponential cells was
used. The batch stage of the fermentation was run until all
carbon sources had been metabolised, with the transition to
fed-batch typically occurring after 15 h. HFBII was
produced during the fed-batch stage, where protein expres-
sion was induced by the presence of galactose in the feed
media. Culture was maintained at 30°C throughout the
Table 1 Summary of previous biosurfactant foam separations
References Foam producing
compound
Description Enrichment Recovery
(%)
Initial
concentration
(mg L−1)
Gas flow
rate
(mL min−1)
Bioreactor
working
volume (L)
Sparger
type
Chen et al.
(2006b)
Surfactin from
Bacillus subtilis
BBK006
Integrated recovery
during steady-state
operation
50.1 28.7 18 400 1.0 Sintered
glass disc
Davis et al.
(2001)
Surfactin from B.
subtilis ATCC
21331
Cell-free broth,
separate foam
fractionation
2.9 97.1 440 60 – Sintered
glass disc
Cell-containing broth
and separate foam
fractionation
1.7 97.3 –
Integrated recovery
stirrer speed
146 rpm
34.0 90.0 – 1,000 1.0 –
Liu et al.
(2010)
Nisin from
Lactococcus lactis
ATCC 11454
Integrated recovery 11.1 35.1 – 20 0.5 Sintered
glass disc
Sarachat et al.
(2010)
Rhamnolipid from
Pseudomonas
aeruginous SP4
Cell-free broth and
separate foam
fractionation
4.0 97.0 362 30 – Sintered
glass disc
Zhang et al.
(2007)
Cellulase and extracellular
proteins
Cell-containing broth
and separate foaming
1.2 11.6 0.25 (FPU mL−1) 2,300 – Sintered
glass disc
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fermentation and sparged with 0.33 L L−1 min−1 of air
during the batch stage with a step increase to
1.00 L L−1 min−1 when feeding commenced. The end point
of fermentations was taken as the time when oxygen mass
transfer became limiting, i.e. stirrer speed at maximum and
the averaged O2 below that needed for aerobic respiration.
Overflowing foam (overfoaming) which occurred during
fermentations without antifoam was aseptically contained in
an overflow vessel. The arrangement used to contain foam
is shown in Fig. 1. Briefly, overflowing foam escaped the
fermenter via the outlet condenser and was directed to a
large separation chamber, in which the overflowing
material was contained and off-gas vented via an outlet
filter. The quantity of overfoam was continuously moni-
tored during experiments done at The University of Man-
chester, UK, using digital balances (Ohaus, CH) connected
to an in-house designed custom data logging program.
Samples were automatically taken from the fermenter
vessel every 3 h by a Gilson FC 203B fraction collector
(Gilson, USA) and stored in a chilled rack at 4°C, or every
hour manually during the daytime for Manchester, UK,
fermentations where no autosampler was available. Sam-
ples of overfoam were taken manually as required, typically
every 3 h.
Analytical techniques
Biomass was quantified by dry matter analysis. Approxi-
mately 1.5 mL of sample was transferred to a dry, pre
weighed micro test tube (Eppendorf, DE) and cells spun
down at 15,000 rpm for 5 min. Supernatant was then
removed through a 0.22 μm filter (Millipore, USA) and the
cell pellet dried at 105°C for 18 h. After drying, the dry
matter per kilogram of fermenter contents was calculated
from the change in mass (of the sample).
The concentration of HFBII in fermentation samples
was determined with reverse phase high performance
liquid chromatography (HPLC) using a Vydac protein C4
column, 250×4.6 mm, (Grace, USA). Samples were
prepared by mixing with ethanol to a concentration of
60% (v/v) to ensure dissolution of any HFBII aggregates,
which can spontaneously form from solution (Torkkeli et
al. 2002), and spun down to remove cells. A gradient
elution of 0.1% (v/v) TFA in water to 0.1% (v/v) TFA in
acetonitrile was used with 20 μL of sample injected for
analysis. Absorbance was detected at a wavelength of
214 nm and HFBII content was quantified by comparison
of integrated peak area to that of standards of known
concentration.
Results
Results from five fermentations are presented, with three
carried out at The University of Manchester, UK, and
two at Unilever R&D, NL. Fermentations were run with
and without antifoam and all proceeded as expected,
producing HFBII and lasting for 60–70 h. Complete
results from each fermentation are given in Table 2.
Hydrophobin enrichment values are reported only for
experiments in which foaming occurred, fermentations 3
and 5.
Fig. 1 Fermentation apparatus
Appl Microbiol Biotechnol
Effects of scale on HFBII production
The effect of process scale on HFBII production was
investigated by running fermentations at two different
working volumes, 10 and 1.67 L. For fermentations with
antifoam (1, 2 and 4) Fig. 2a shows that microorganism
growth rates are the same regardless of scale, with the
reduced end of fermentation dry matter values in smaller
fermentations, given in Table 2, being due to the shorter
fermentation time brought about by the onset of oxygen
limitation. This was expected as vessel and impeller size
were scaled down geometrically, not to give oxygen mass
transfer coefficient similarity. It should be noted that
fermentations 1 and 2 are essentially repeats where the
start time was changed, allowing samples to be taken
from different stages of the fermentation in the absence of
an autosampler. Significant variation in fermenter dry
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Fig. 2 Variation of dry matter in fermentation over time. a
Fermentations with and without antifoam. Circles and triangles
1.67 L total volume; squares 10 L total volume. b Comparison of
dry matter and overflow mass, fermentation 3, no antifoam. Open
circles fermenter contents; closed circles overflow liquid phase
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matter concentration is shown in Fig. 2a for fermentations
without antifoam. In fermentation 5, dry matter concen-
tration was depleted by foaming from 20 to 50 h when
compared with the case with antifoam, then from 60 to
70 h fermentation time the dry matter concentration
increased rapidly to 90.4 g kg−1. Foam generation during
fermentation 3 appears to be associated with an increase
in dry matter concentration between 45 and 55 h
(Fig. 2a).
The variation of fermenter and overflow dry matter
concentration over time in fermentation 3 is shown in
Fig. 2b, along with the mass of overfoamed material
produced. Overfoaming began at the onset of feeding,
indicating that HFBII is the main component responsible
for foaming, and increased exponentially until 42 h, with
the following lag in foaming coinciding with an increase in
dry matter (Fig. 2b). A total of 770 g of overfoamed
material were collected in the overflow vessel during
fermentation 3. The dry matter concentration in the over-
foamed material increased over time, reaching a maximum of
21 g kg−1, less than a third of the in-fermenter maximum
concentration. This was indicatative of the fermenter
biomass concentration increase being associated with foam-
ing. This is thought to be due to liquid drainage carrying the
biomass back into the fermenter from the rising foam,
leaving the foam entering the overflow vessel depleted in
biomass. Proportionally less material overfoamed from
fermentation 5 with a total overflow of 2,729 g.
Figure 3a shows the increase in HFBII concentration
throughout fermentations with antifoam. Measureable
amounts of HFBII were present from 27 h into fermentation
4 and 36 h into fermentation 2. Protein was produced
throughout the fed-batch stage with final concentrations of
260 and 307 mg L−1 attained in fermentations 2 and 4,
respectively, also shown in Table 2.
The basic yields of total HFBII on total dry biomass are
listed in Table 2. These are consistent for fermentations
with antifoam, spanning a range of 3.8 to 4.2 mg g−1.
However, this characterisation only captures average
behaviour over the whole fermentation whereas production
only occurs during the fed-batch stage. Figure 4a shows a
plot of HFBII concentration against dry matter concentra-
tion for fermentations 2 and 4 with antifoam. A fed-batch
phase yield of HFBII per unit mass of dry matter was
calculated for each fermentation by taking the gradient of a
linear fit of the data. Both fits are plotted in Fig. 4a with the
solid straight line corresponding to fermentation 4 and the
dashed line fermentation 2. Yields of 7.0 and 5.9 mg HFBII
per grammes of dry matter were measured in fermentations
2 and 4, respectively. Total HFBII production was 434 mg
in fermentation 2 and 2,844 mg in fermentation 4, a
difference of a factor of 6.5, slightly greater than the scaling
factor of 6.
Fig. 3 Variation of HFBII concentration over time. a Fermentations
with antifoam. Circles 1.67 L total volume; squares 10 L total volume.
b HFBII concentration in fermenter: 10 L fermentations with antifoam,
closed squares and without antifoam, open squares. c HFBII
concentration in fermenter, overflowed liquid and overflowed foam
phase, during fermentation 3, without antifoam
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To further characterise HFBII production during the fed-
batch stage a specific rate of HFBII production per unit
mass of dry matter was calculated for fermentations 2 and
4. Figure 4b shows the data obtained from the calculation
and a weighted average for each data set, dashed line
fermentation 2, solid line fermentation 4. The weighted
averages HFBII give production rates of 0.21 and
0.18 mg g−1 h−1 for fermentations 2 and 4.
HFBII recovery by uncontrolled foaming
In fermentations without antifoam a significant proportion
of the total fermentation mass overflowed from the
fermenter vessel and was aseptically contained in an
overflow vessel. All raw data measurements are included
in Table 2 for completeness. The dry matter and HFBII
content of overfoamed material was analysed. Total HFBII
production was lower in fermentations without antifoam,
due to the effects of foaming on process conditions.
Figure 3b demonstrates the drop in fermenter HFBII
concentration in fermentations 4 and 5, with and without
antifoam. However, as HFBII was removed from the
fermenter by foaming comparisons should be made
between total production.
Table 2 shows total production for fermentation 5 was
half that of fermentation 4. Despite this decrease in HFBII
production the protein recovered in the overflowed material
was concentrated by a factor of 2.4 in fermentation 5. At a
smaller scale in fermentation 3, the HFBII concentration in
the overflowed foam was 94.7 times greater than in the
broth which remained in the fermenter. Averaged over the
total mass of overfoam HFBII enrichment was 54.6 in
fermentation 3. The overflowed material comprised of a
stable foam layer which existed above a liquid layer, see
Fig. 1. Figure 3c shows the concentration of HFBII in the
fermenter and both liquid and foam overflow phases
measured during fermentation 3. Foaming acted to maintain
a low HFBII concentration of ∼5 mg L−1 in the vessel
throughout the fermentation, whilst overflowed liquid
contained 270 mg L−1 and overflowed foam 502 mg L−1
of HFBII at the end of fermentation 3. It can be seen from
Fig. 3c that the concentration of HFBII in the liquid phase
of the overflow decreased as the fermentation progressed,
falling from a maximum 488 mg L−1 at 37 h.
The fermentation 3 final distribution of HFBII, dry
matter and total fermentation mass over the system is show
in Fig. 5. Over the whole of fermentation 3.47% of the total
fermentation volume was carried into the overflow vessel.
Biomass was removed from the fermenter by foaming with
60.6 g of dry matter, representing 66.3% of the total dry
matter produced, remaining in the fermenter after 61 h.
Overflowed material contained 222.9 mg of HFBII, a
recovery of 98.1% of the total quantity of HFBII produced,
with 83.9% contained in the overflowed liquid phase and
14.2% in the overflowed foam. During fermentation 5,
2,729 g of fermentation broth overfoamed, 29% of the total
volume. The overfoamed broth contained 669.7 mg of
HFBII, a recovery of 49.5% of the total quantity of
hydrophobin produced during the fermentation. Dry matter
carryover was not quantified for fermentation 5.
Discussion
The scalability of HFBII producing fermentations with
antifoam has been demonstrated with specific values, such
as dry matter per unit mass of fermenter contents, HFBII
Fig. 4 HFBII production characterisation, fermentations with anti-
foam. a Yield of HFBII on dry matter, with linear fit. Fermentation 2,
gradient=7.04 mg−1 g−1, R2=0.9297. Fermentation 4, gradient=
5.93 mg−1 g−1, R2=0.9926. b HFBII production rates per gram of
dry matter. Fermentation 2, weighted average=0.21 mg−1 g−1 h−1.
Fermentation 4, weighted average=0.18 mg−1 g−1 h−1
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concentration and production yield, scaling well with
fermentation volume. Direct comparison of the specific
HFBII production rates of 0.21 and 0.18 mg−1 g−1 h−1,
calculated for fermentations 2 and 4 with antifoam, shows
that fermentations at different scales behaved in a similar
manner to each other. Total production was reduced in
smaller volume fermentations, with total production scaled
by a factor of 6.5, a shorter total fermentation time
accounting for the increase in scaling factor compared with
the geometric scaling factor of 6. Several hours of
production were lost in smaller scale fermentations as the
different geometry of the fermenter used caused oxygen
mass transfer to become limiting at an earlier stage in the
fermentation than on the larger scale. Process scale up
could be improved by considering the oxygen mass transfer
coefficient, increasing the agitator diameter in smaller scale
fermentation apparatus would increase Reynolds number
and improve oxygen mass transfer. The same process
robustness and repeatability was not encountered in
fermentations without antifoaming agent. It is advantageous
to develop fermentation methodologies which reduce the
antifoam requirement, both to reduce operating costs and
simplify downstream processing. The presence of antifoam
in the final product formulation will, in the case of HFBII,
hinder functionality.
Fermentations without antifoam displayed less repeat-
able and more sporadic behaviours. Specific values, such as
dry matter, did not appear to scale with fermenter volume.
Overall, there was significant variation in process perfor-
mance. Total production varied between fermentations
without antifoam, but was typically half the production
achieved in fermentations with antifoam, as detailed in
Table 2. There are two factors which contributed to the low
production in fermentations where uncontrolled foaming
occurred. Firstly, foaming removed biomass from the
fermenter throughout the fermentation, with 34% of the
total dry matter carried into the overflow vessel in
fermentation 3. Biomass carryover resulted in lower HFBII
production as fewer cells were present in the fermenter and
contributing to protein production. This problem is acute as
HFBII was produced exponentially during the feed stage of
fermentations with antifoam, meaning a reduction of
biomass early on in fermentations without antifoam
translated into a much greater drop in production.
Secondly, foaming hindered dissolved oxygen control
and disturbed the microorganism population, preventing
growth and production, illustrated by the late onset of
HFBII production in fermentation 5 (Fig. 3b). Also, the
feed addition rate was calculated on the basis of exponential
growth of the whole microorganism population, when cell
numbers were reduced by foaming over-feeding occurred
which may have limited production, due to an excess of
glucose in the fermenter.
The measurement of the end of fermentation dry matter
distribution gives insight into the affect of foaming on
fermenter biomass, with Fig. 2b giving an indication of the
accumulation of dry matter in the overfoamed broth as the
fermentation progressed. As the rate of overfoaming
increased proportionally more biomass was carried out of
the fermenter in the foam, leading to the increase in
overflow dry matter over time, negligible growth of the
microorganism would occur in the overflow vessel due to a
lack of carbon source and oxygen. Previous studies
summarised in this paper, as detailed in Table 1, did not
Fig. 5 Distribution of total
mass, dry matter and HFBII
between the fermenter contents,
overflowed liquid and over-
flowed foam phases at the end
of fermentation 3
Appl Microbiol Biotechnol
track biomass over the fermentation in detail. Davis et al.
(2001) report a cell enrichment of 0.4, which while
consistent with the dry matter enrichment of 0.6 measured
for fermentation 3 does not indicate the total amount of
biomass lost from the system or the proportion of the total
biomass represented. If foaming is to be used as a method
for primary recovery of biosurfactants direct control of
biomass carryover will be critical. Data shown in Figs. 2b
and 5 can be used as a datum when comparison is made to
controlled foaming processes.
When uncontrolled foaming was allowed to occur in
small scale fermentations the HFBII enrichment and
recovery were both very high and compared favourably to
previously reported values for other fermentation systems,
listed in Table 1. Davis et al. (2001) report a similar
recovery of 90.0% of surfactin produced, for an integrated
foam fractionation process, but this high recovery was
achieved at the expense of a surfactin enrichment of 34.0,
lower than the average HFBII enrichment of 54.6 at a
recovery of 98.1%. Chen et al. (2006b) report a surfactin
enrichment of 50, comparable to the HFBII enrichment of
54.6 reported here, but a recovery of 28.7%, lower than that
of Davis et al. (2001) and for HFBII producing fermenta-
tions. Sarachat et al. (2010) recovered rhamnolipid from
cell-free broth with foam fractionation and achieved a high
recovery of 97.0% again at a low enrichment of 4.0, which
is consistent with the findings of Davis et al. (2001).
The enrichments and recoveries reported in the literature
vary depending on the biosurfactant in question and the
specific foaming conditions. If a wet foam is generated
typically low enrichment but high recovery will occur as a
large proportion of fermenter contents overfoams, with the
opposite being true for dry foams, high enrichment but low
recovery as little foamate is obtained. In general if recovery
is maximised the corresponding enrichment is low. It was
possible to simultaneously achieve high HFBII enrichment
and recovery in this study because of the specific surface
properties of the protein which supported foaming at the
very low residual fermenter concentration of 5.3 mg L−1 in
fermentation 3. In this case, the high recovery was
facilitated by the significant volume of overfoaming liquid
and a low residual HFBII concentration in the fermenter.
The low residual concentration then also results in a high
enrichment, even though the average overflow concentra-
tion was not considerably more than the final fermenter
concentrations when antifoam was used, as detailed in
Table 2.
Despite the drop in total production brought about by
foaming the high enrichment and recovery values observed
in fermentation 3 mean that the foamed broth obtained is
richer in HFBII than in fermentations where antifoam was
used to suppress foaming. The average end of fermentation
HFBII concentration in overfoamed broth from fermenta-
tion 3 was 289.5 mg L−1 compared with 260.0 mg L−1 in
fermentation 2 with antifoam. HFBII enrichment was lower
in fermentation 5 than fermentation 3 as less foaming
occured due to the late onset and reduced HFBII produc-
tion, although foaming was still significant enough to
disrupt hydrophobin production through the removal of
biomass from the fermenter.
The scalability of the HFBII producing fermentation
process has been demonstrated, with fermentations con-
taining antifoam being reproducible. Uncontrolled foaming
was detrimental to total protein production on both scales
investigated, primarily due to the loss of biomass from the
system. The potential to recover HFBII via a controlled
integrated foaming process was indicated by the high-
average protein enrichment of 54.6 and recovery of 98.1%
in fermentation 3. The design of such a foam fractionation
process requires further investigation to improve control
over arrangements found in the literature as discussed
previously in this paper, a successful foam fractionation
process will remove HFBII at a rate consummate with
production, minimise the amount of uncontrolled over-
foaming and thus allow the majority of biomass to be
retained in the fermenter. In order to achieve these design
aims a system in which the foam fractionation process can
be controlled and optimised separately from the production
process is required.
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a b s t r a c t
Anovel foamfractionationdesignhasbeendeveloped for continuously recoveringextracellularbiosurfac-
tants from fermenters. The apparatus design allows for the operating conditions of the foam fractionation
process, feed rate and airﬂow rate, to be chosen independently of the fermentation parameters. Optimal
conditions can then be established for each process, such as the aeration rate required to meet the bio-
logical oxygen demand of the cell population. The recirculating foam fractionation process was tested
on fed batch fermentations producing the hydrophobin protein HFBII. It is shown that by using foam
fractionation to strip HFBII from fermentation broth in situ the amount of uncontrolled overﬂow from
the fermenter was greatly reduced from 770g to 44.8 g, compared to previous fermentations without
foam fractionation. Through optimisation of the foam column operating conditions the proportion of dry
matter retained in the fermenter was increased from 88% to 95%, in contrast to dry matter retention of
66% for fermentation without the new design. With the integrated foam fractionation process an HFBII
recovery of 70% was achieved at an enrichment of 6.6. This study demonstrates the utility of integrated
foam fractionation in minimising uncontrolled foaming in fermenters whilst recovering an enriched
product.
© 2011 Elsevier B.V. All rights reserved.
1. Introduction
The lack of efﬁcient production routes currently limits the use of
microbially produced biosurfactants in place of chemical and oleo-
chemical surfactants. Biosurfactants also possess uniqueproperties
which lend to their potential use in novel applications includ-
ing crude oil recovery, food processing and pharmaceuticals [1,2].
In order to exploit the potential of biosurfactants more efﬁcient
production and downstream separation processes are required.
Downstream separation techniques require particular scrutiny as
they contribute approximately 60% to the total cost of biosurfac-
tant production [3]. The control of foaming during the extracellular
expression of biosurfactants is critical due to their surface activity.
This, combined with aerobic fermentation conditions can lead to
undesirable foam generation [4] which itself invites the applica-
tion of in situ foam based separation techniques. The application
of in situ primary product recovery has the potential to reduce
the cost of further downstream processing and of minimising foam
formation.
∗ Corresponding author. Tel.: +44 0 161 306 4388; fax: +44 0 161 306 4399.
E-mail address: p.martin@manchester.ac.uk (P.J. Martin).
Current interest lies in many biosurfactants including surfactin
from Bacillus subtilis and hydrophobin proteins from various ﬁla-
mentous fungi such as SC3 from Schizophyllum commune [5]. The
foam fractionation separation process presented in this paper was
developed using HFBII, a hydrophobin protein from Trichoderma
reesei, produced during fed batch fermentations. Hydrophobins are
small, self-assembling proteins of 7–9kDa, which can be split into
two groups based on the solubility of their aggregates [6–8]. HFBII
has been shown to impart exceptional stability to colloidal disper-
sions such as foams and emulsions, due to the remarkable surface
properties of the protein [9], this being of particular interest to the
food industry [10,11].
The foamability of biosurfactant solutions can be exploited to
increase their concentration in solution using foam fractionation.
Foam fractionation is an adsorptive bubble separation method,
used for enriching solutions of surface active species [12]. Gas is
sparged through a pool of surfactant solution creating new gas liq-
uid interface onto which the surface active molecules adsorb. The
adsorbed surfactant molecules tend to lower the gas liquid inter-
facial tension imparting stability through various mechanisms,
forming a rising foam. Liquid drains from the foam over time,
meaning thatwhen the overﬂowing foam is collapsed the adsorbed
surfactant molecules are recovered in a reduced liquid volume, an
enriched foamate being obtained. The effectiveness of foam frac-
tionation can be quantiﬁed in terms of the increase in biosurfactant
1369-703X/$ – see front matter © 2011 Elsevier B.V. All rights reserved.
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concentration, enrichment, and the total fraction of biosurfactant
removed by foaming, recovery.
Foam fractionation can be used to recover extracellular biosur-
factants directly from fermentation broth, by integrating a foam
column with the fermenter and diverting foam to a collection ves-
sel. Previous research has shown that foam fractionation can be
used for in situ recovery of surfactin, a cyclic heptapeptide, from
fermenters [13–17]. Davis et al. and Chen et al. [14,16] both used
a simple foam column inserted through the fermentation vessel
headplate to collect foamate. This type of design results in the
fermenter headspace ﬁlling with foam. Accumulation of foam in
the vessel headspace is undesirable as cells trapped in the foam
becomedepletedof nutrients andoxygen, negatively affecting their
metabolism and biosurfactant production. Uncontrolled foaming
can also lead to contamination of the culture and practical prob-
lems, such as the blocking of exit ﬁlters [18].
This paper reports the engineering design and results from trials
of a novel, lab scale, second generation integrated foam fractiona-
tion process for the in situ recovery of HFBII, which was produced
extracellularly during fed batch fermentations without antifoam.
The design of experimental apparatus, with a free standing foam
column connected to the fermenter by a recirculation loop, allowed
the fermentationand foamfractionation stageoperating conditions
to be optimised independently. The effects of varying both the air
and feed ﬂow rates to the foam fractionation column on foamate
collection and overﬂow generationweremeasured, with particular
care being taken to determine the distribution ofHFBII and biomass
throughout the fermentation, in the fermenter, uncontrolled over-
ﬂow and enriched foamate. This allows comparison of results from
controlled foam fractionation presented here, to results previously
reported by the authors (referred to hereafter as experiments ‘A’)
which illustrated the undesirable effects of uncontrolled foaming
on HFBII production without foam fractionation [19].
2. Materials and methods
2.1. Organism
A genetically modiﬁed strain of Saccharomyces cerevisiae,
CBS128322, was used to express HFBII as an extracellular prod-
uct. Details of the modiﬁcation are given by Chapman et al. [20] in
their example 1.
2.2. Inoculum preparation
Inoculum was prepared in two steps; ﬁrstly 0.5mL of strain was
transferred to 10mL of yeast nitrogen base and glucose solution,
YNB (Difco, UK) and incubated at 30 ◦C, 150 rpm. After 48h seed
culture was transferred to 100mL yeast, peptone, dextrose media,
YPD: 10.0 g L−1 yeast extract, 20.0 g L−1 peptone and 20.0 g L−1 glu-
cose (Sigma–Aldrich, UK) and grown at 30 ◦C, 120 rpm. Fermenters
were inoculated with a 10% (v/v) inoculum of 24h mid exponential
cells.
2.3. Fermentation conditions
Hydrophobin producing fed batch fermentations were carried
out in a 2.7 L total volume vessel with a height to diameter ratio
of 2, using an Electrolab FerMac 320 fermentation system (Elec-
trolab, UK). The initial batch volume was 1.0 L and feeding began
when all carbon sources had been metabolised, with the transition
typically occurring after 15h. HFBII was produced during the fed
batch stage of fermentations, under glucose limited conditions in
the presence of galactose. During a typical fermentation 0.67 L of
feed were added, following an exponential proﬁle. Fermentations
were stopped when oxygen mass transfer became limiting, indi-
catedbyadrop in theaveragedO2 and the stirrer speedsaturatingat
maximum output, usually 65–70h after inoculation. Fermenter off
gas oxygen and carbon dioxide concentrationsweremonitored and
recorded in real time using a FerMac 368 gas analyser (Electrolab,
UK).
Culture was maintained at 30 ◦C throughout the fermentation
and spargedwith0.33vv−1 min−1 of air during thebatch stagewith
a step increase to 1.00vv−1 min−1 when feeding commenced. Fer-
menter pHwasmeasured using a FermProbe pH electrode (Broadly
James, USA) and was maintained at pH 5 by automatic addition
of 3M H3PO4 or 12.5wt% NH3. The fermentation media used was
outlined by van de Laar et al. [21]. Brieﬂy, batch stage fermenta-
tion media contained 22.0 g L−1 glucose, whilst the feed contained
440.0 g L−1 glucose and 3.0 g L−1 galactose. No antifoaming agent
was added, as controlled foaming was desired for the foam separa-
tion process.
2.4. Dry matter analysis
Sampleswere taken from the fermenter and foamate every hour
during fermentations, with breaks overnight. Overﬂowed material
was only sampled at the end of fermentation to maintain steril-
ity. The amount of biomass in samples was determined by dry
matter analysis. Approximately 1.5mL of sample was spun down
at 15,000 rpm for 5min, supernatant removed and the resulting
cell pellet dried at 105 ◦C for 18h. Dry matter was subsequently
calculated from the change in mass of the pellet.
2.5. HFBII quantiﬁcation
HFBII concentration was quantiﬁed using reverse phase high
performance liquid chromatography (HPLC) with a Vydac protein
C4 column (Grace, USA) and detection at 214nm. A gradient elu-
tion of 0.1% (v/v) TFA in water to 0.1% (v/v) TFA in acetonitrile was
used with 20L of sample injected for analysis. Samples were pre-
pared by adding ethanol to a concentration of 60% (v/v), ensuring
full dissolution of protein aggregates.
2.6. Engineering design of foam fractionation
Continuous in situ product recovery by foam fractionation was
carried out using a separate ‘J-tube’ glass foam column of internal
diameter 52mm, exposed height, H, 350mm and working liquid
level, z, 40mm.The resulting foamheight,H-z,was chosen toensure
evendistributionof liquid feedandallowasufﬁcient residence time
for mass transfer to occur, foam height also affects biosurfactant
enrichment and recovery [22]. Details of the experimental appara-
tus are shown in Fig. 1(a). The foamcolumnwas integratedwith the
fermenter vessel by a recirculation loop, see Fig. 1(b). Fermentation
broth was pumped from the fermenter vessel to the foam column
using a Masterﬂex C/L peristaltic pump (Cole-Palmer, USA), with
the feed rate set and held constant during each experiment using
in-house developed customP&D control software. Brothwas trans-
ferredback to the fermenter vesselwith aperistaltic pump (Watson
Marlow, UK), set to maintain a constant fermentation broth inven-
tory in the foam column. Foam fractionation was started at the
onset of HFBII production at the beginning of the fed batch stage
of fermentations. To generate foam, sterile air was supplied to the
foam column with a Dymax 14 pump (Charles Austen, UK), via a
humidiﬁer and 0.2m ﬁlter. The air ﬂow rate was independently
controlled via a rotameter, with air entering the bottom of the
column through a sintered glass disk, porosity No. 3. Foam was col-
lapsed with a mechanical foam breaker and the resulting foamate
collected in a large glass reservoir.
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Fig. 1. Experimental apparatus. (a) Schematic of fermenter and foam fractionation equipment. (b) Process ﬂow diagram.
Full details of all fermentations, including foam column oper-
ating conditions given in Table 1. In the ﬁrst instance, i.e. for
fermentation B1, column operating conditions were chosen based
on the results of a series of independent foam fractionation exper-
iments. In these previous experiments a range of feed and air ﬂow
rateswere testedusinganon-integrated ‘J-tube’ similar to thatused
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Table 1
Fermentation details and foam fractionation operating conditions.
Fermentation Foam column feed rate Foam column air ﬂow rate Foam column superﬁcial gas velocity jg Foam column residence time Antifoam
mLmin−1 ccmin−1 mms−1 s
A2 (1.67 L) – – – – Y
A3 (1.67 L) – – – – N
B1 (1.67 L) 10 600 4.71 66 N
B2 (1.67 L) 20 1000 7.85 40 N
in the integrated experiments presented here. Previously produced
HFBII containing, cell free fermentation broth was pumped round
a mock up of the fermentation system and the column feed and
air ﬂow rates altered. The optimum operating conditions deter-
mined from these experiments were then used as a starting point.
For fermentation B2 operating conditions were selected to reduce
the residence time in the fermenter, foam column and recircula-
tion loop. The recirculation rate was increased to reduce fermenter
residence time, and the superﬁcial gas velocity in the foam col-
umn was increased by a greater factor to decrease foam column
residence time, see Table 1.
2.7. Foam fractionation performance
Foam fractionation performance was measured in standard
terms of biosurfactant enrichment and recovery, which are deﬁned
in Eqs. (1) and (2) below;
Enrichment = Cf
Ci
(1)
Recovery = Cf Vf
CiVi
× 100 (2)
where Cf is the biosurfactant concentration in the foamate, Ci is
the coincident biosurfactant concentration in the fermenter, Vi is
the initial liquid volume and Vf is the volume of foamate collected.
Further the carryover of cells in the foam can be quantiﬁed by the
cell enrichment, deﬁned in Eq. (3) below;
Cell enrichment = CDMf
CDMi
(3)
where CDMf is the end of fermentation dry matter concentration in
the foamate and CDMi is the coincident dry matter concentration in
the fermenter.
2.8. Measurement of foaming
Overﬂowing foam (overfoaming) was aseptically contained in
an overﬂow vessel, see Fig. 1(b). Any overﬂowing foam exited the
fermenter via the outlet condenser and was directed to the over-
ﬂow vessel, in which the overﬂowing material was contained and
off gas vented via a 0.2m ﬁlter (Whatman, USA). The quantity
of foam overﬂow and foamate collected were continuously moni-
toredusingdigital balances (Ohaus, CH) connected to a customdata
logging program.
3. Results
Results from two fermentations, B1 and B2, with integrated
foam fractionation are presented. The experiments were carried
out without antifoam and proceeded as expected, producing HFBII
during the fed batch stage. Controlled foaming occurred and HFBII
enriched foamate was collected during the fed batch stage of
each fermentation. Extended results from fermentations A2 and
A3 without foam fractionation, previously reported by Winterburn
et al. [19], are also included to allow for comparison between cases
with no foaming, controlled and uncontrolled foaming. Details of
Fig. 2. Variation of respiratory quotient (RQ) during fermentations. Solid line fer-
mentation B1, dashed line fermentation B2 and dotted line fermentation A3.
the fermentations and foamcolumnoperating conditionswerepre-
viously given in Table 1, see Section 2.6, with full results shown in
Table 2.
3.1. Fermentation
Fermentation progress was continuously monitored through
online determination of off gas oxygen and carbon dioxide com-
position. Values of the respiratory quotient (RQ) were calculated
fromtheoxygenuptakeandcarbondioxide formation ratesderived
from the measured off gas composition. RQ characterises the state
of the cell population in the fermenter and gives an indication of
the microorganism’s metabolic behaviour. In fermentations with S.
cerevisiae RQ=1 for the oxidation of glucose to carbon dioxide and
water, RQ>1 corresponds to the fermentation of glucose, either
under anaerobic conditions or aerobic conditions with a high glu-
cose concentration in the growth media, and RQ<1 indicates that
the fermentative carbon source is depleted and that ethanol oxida-
tion predominates. Fig. 2 shows the variation of RQ during all three
fermentations.
During the ﬁrst 6h of the batch stage of fermentation A3 (with-
out foam fractionation) RQ increased rapidly, with RQ>1, peaking
at a value of 3.7, see Fig. 2. Over this period glucose was fermented,
producing ethanol. After 8h of fermentation all glucose in the batch
media had been consumed and the RQ fell to an approximately
constant value of 0.6 whilst the previously produced ethanol was
consumed. Feeding began 15h into fermentation A3, and during
the fed batch stage RQ≈1 as HFBII was produced. The same trends
in behaviour are evident in fermentation B2. RQ peaked at 4.2 dur-
ing the batch stage of fermentation B2, with RQ≈1 during the fed
batch stage of the fermentation. The recirculating foam column
feed was started at the fed batch transition, 16h into fermenta-
tion B2. The similarity in the RQ trends of fermentations A3 and
B2 seen in Fig. 2 demonstrates that operating the recirculation
loop and foam fractionation column during the fed batch stage
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Fig. 3. Foamate and overﬂow collected, all fermentations.
of fermentation B2 did not adversely affect the growth of the cell
population.
Overnight blockage of the exit ﬁlter to the gas analyser caused
the lossofoff gas compositiondata in theﬁrst12.5hof fermentation
B1, as well as between 24 and 37h. For the periods of the fed batch
stage for which off gas composition was correctly recorded, 17–24
and 37–63h RQ≈1, as was observed in fermentations B2 and A3.
The RQ values for fermentations B2 and A3 were similar over the
whole course of the experiments, with a peak and rapid drop off in
RQ two-thirds of the way through the batch stage as glucose was
exhausted and ethanol metabolism started. The ﬁnal spike in RQ
shown for fermentation B2 after 48.5h in Fig. 2 is an artefact of
the off gas analysis, due to the oxygen uptake rate being close to
zero as fermentation had been stopped, by manually reducing the
temperature and stopping aeration.
3.2. Foamate and overﬂow generation
Foam was created in two ways during fermentations B1 and
B2. Firstly, through uncontrolled foaming in the fermenter vessel,
due to the aeration and agitation required to meet the biological
oxygen demand of the microorganism. If sufﬁcient foam accumu-
lated in the fermenter headspace carryover occurred, with foam
leaving the fermenter entrained in the off gases and collected in
the overﬂow vessel (2), see Fig. 1(b). Secondly, desired foam was
generated in a controlled manner in the foam column (3), Fig. 1(b).
Foam fractionation began at the start of the fed batch stage approx-
imately 15h into fermentations. Foaming conditions in the column
were chosen independently of the fermentation conditions, with
the aeration rate determining the rate of foamate collection. The
amount of overﬂowed fermentation broth and foamate generated
were recordedduring fermentations B1 andB2using analytical bal-
ances. In fermentation A3 no foam fractionation was carried out so
only overﬂow was measured.
Fig. 3 compares the amount of foamate collected throughout fer-
mentations B1 and B2, as well as the overﬂowing which occurred
in all fermentations. In fermentation B1 foamate collection began
21h after the start of the fed batch stage and increased rapidly
before levelling off 48h into the fermentation. Proportionally very
little foamate was collected in the last phase of the fermentation,
from 48h until completion. The observed lag between the start of
the fed batch stage and the point at which foamate was ﬁrst pro-
duced was reduced in fermentation B2, the increased foam column
air ﬂow rate generating a stable foam at a lower HFBII concen-
tration, see Fig. 3. Similar to fermentation B1 foamate collection
levelled off after 48h. Overﬂowing began at roughly the same time
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Fig. 4. Variation of dry matter over time, fermentations with integrated foam frac-
tionation. Circles fermenter contents, triangles foamate and squares overﬂow. Open
symbols fermentation B1, closed fermentation B2.
in fermentations B1 and B2, although signiﬁcantly less overﬂow-
ing occurred in fermentation B2. From 39h into fermentation B2
overﬂowing stopped and all foaming occurred in the foam column,
under controlled conditions this coincided with a sharp increase in
the rate at which foamate was collected, with ≈300g collected in
3h. Foam fractionation reduced the amount of uncontrolled over-
ﬂow, whilst increasing the column air supply from 600ccmin−1 to
1000 ccmin−1 reduced the total amount of overﬂow from 255.3 g
to 44.3 g, as well as delaying the onset of uncontrolled foam gener-
ation.
Fig. 5 shows the end of fermentation distribution of fermenter
contents between the fermenter vessel, foamate and overﬂow,
Fig. 5 is summarised after Section 3.4. At the end of fermentation
B1 50.8% of the fermentation mass remained in the fermenter, with
33.5% collected as foamate and 15.7% overﬂow, see Fig. 5(a). Dur-
ing fermentation B2 proportionally more of the fermentation mass
was collectedas foamate, 45.7%, compared to fermentationB1,with
a similar portion of the fermentation broth remaining in the fer-
menter, 51.7%, whilst the amount of overﬂow was reduced to 2.6%
of the total fermentation mass. In contrast nearly half, 47.1%, of the
total fermentation mass was lost as overﬂow in fermentation A3
without foam fractionation.
3.3. Biomass retention
Biomass levels were determined by dry matter analysis, with
the variation of dry matter over time for fermentations B1 and B2
with foam fractionation given in Fig. 4. Dry matter increased expo-
nentially over time, the accumulation of biomass in the fermenter
vessel following the same trend during each experiment, reaching
72.0 gkg−1 and 73.0 gkg−1 at the end of fermentations B1 and B2,
respectively. The drymatter content of the foamate also progressed
in a similar fashion over time for both fermentations, peaking 39h
into each fermentation, see Fig. 4. More variation in the dry matter
content of the overﬂowed broth lost from the fermenter as a result
of uncontrolled foaming was observed. Overﬂowed broth from fer-
mentation B2 contained 0.07g of dry matter at a concentration of
1.6 g kg−1 in 44.3 g of overﬂowed material, compared to 2.09g of
dry matter in 225.3 g (8.19gkg−1) for fermentation B1 and 30.83g
of dry matter in 705.96g (43.67gkg−1) of overﬂowed liquid in fer-
mentation A3. Fig. 5 shows the distribution of dry matter between
the fermenter, foamate and overﬂow at the end of fermentations
with foam fractionation. At the end of fermentation B1 87.8% of
Fig. 5. Distribution of total mass, dry matter and HFBII between the fermenter con-
tents, overﬂow and foamate at the end of fermentation. (a) Fermentation B1 end of
fermentation distribution. (b) Fermentation B2 end of fermentation distribution.
the total dry matter produced remained in the fermenter vessel,
with 9.12% in the foamate and 3.09% in the overﬂowed broth, see
Fig. 5(a). Fig. 5(b) shows the effect of altering the foam column
operating parameters in fermentation B2 on dry matter retention.
Fermenter dry matter retention increased to 94.77% in fermen-
tation B2, whilst the carryover of dry matter in the foamate and
overﬂow were reduced to 5.12% and 0.11%, respectively.
3.4. HFBII Production
Foaming kept the HFBII concentration in the fermenter
below 5mgL−1 throughout the whole of fermentation B2, with
higher HFBII concentrations of 34.1mgL−1 in the foamate and
151.6mgL−1 in the overﬂow. The enrichment and recovery ofHFBII
in the foamate and any uncontrolled overﬂow are given for each
fermentation in Table 2. No enrichment values are reported for fer-
mentation B1 as the residual HFBII concentration in the fermenter
at the end of the fermentation was below the lower detection
limit of the HPLC apparatus used. Total HFBII production varied
between all three fermentations with much lower overall produc-
tion achieved in fermentations B1 and B2 than in fermentation A3,
see Table 2. In fermentation B2 69.82% of the total amount of HFBII
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produced was recovered in the foamate, compared to the 42.7% of
HFBII recovered in the foamate in fermentation B1, see Fig. 5(a)
and (b). Enrichment and recovery of HFBII in the overﬂow were
greatly reduced in fermentations with foam fractionation, B1 and
B2, compared to fermentation A3 without foam fractionation.
In summary Fig. 5 details the percentage distribution of the fer-
menter contents (mass), drymatter andHFBII across the fermenter,
foamate, overﬂowed liquid and overﬂowed foam phases at the end
of fermentations B1 and B2. No overﬂowed foam fraction data is
presented in Fig. 5(b) as the overﬂowedmaterial from fermentation
B2 comprised solely of liquid at the end of the fermentation. Labels
on the bars indicate the total amounts of the respective quantity
in each fraction. It is clear that overﬂow generation was reduced
in fermentation B2, with foamate collected increased by a factor of
1.4, due to the higher air ﬂow rate. A greater proportion of the total
dry matter produced was retained in the fermenter in fermenta-
tion B2, with 1.8 times less dry matter in the foamate compared
to fermentation B1, along with a greater amount of the total HFBII
produced.
4. Discussion
4.1. Effects of foam fractionation on HFBII production and
biomass retention
In total 37.5mg of HFBII were produced in fermentation B2 and
227.2mg in fermentation A3. For comparison the total HFBII pro-
duction achieved in fermentation A2 with the same fermentation
protocol and the addition of antifoam was 434mg at a concen-
tration of 260mgL−1, with an end of fermentation dry matter
concentration of 64.7 gkg−1 in the fermenter. Around 10% of fer-
mentation volume was resident in the foam column at any point in
time, with the result that overfeeding of glucose in the fermenter
occurred which is the most likely cause of the limited production,
given that the RQ values were similar for fermentations B2 and A3.
Overfeeding resulted in a glucose concentration in excess of 0.5%
inhibiting the uptake of galactose by the GAL7 promoter and hence
preventing expression of the hfb2 gene, stopping HFBII production.
This scenario is most likely the cause of the low HFBII produc-
tion, due to a reduced yield of protein on biomass rather than less
biomass growth. The observation that decreasing the recirculation
loop residence time by increasing the feed rate to the foam column
improved production is consistent with this hypothesis.
Biomass is lost from the fermenter when foaming occurs,
whether controlled or uncontrolled. This loss of biomass is unde-
sirable as it results in a reduction of HFBII productivity, thus it is
vital to design a foam separation process in which biomass can be
retained in the fermenter. Biomass retention can be further quan-
tiﬁed through the foamate cell enrichment, found to be 0.62 in
fermentation A3, with cell enrichments of 0.16 in fermentation B1
and 0.06 in fermentation B2. These cell enrichments are very low
and compare favourably to the B. subtilis enrichment value of 0.4
reported by Davis et al. [14]. However direct comparison between
cell enrichment values for different systems need to be considered
carefully as the presence of biosurfactant and the afﬁnity of the
microorganism for the bubble interface all play a role.
Fig. 4 shows that the dry matter concentration in the foamate
of both experiments reported went through a peak at around 39h,
suggesting that foaming conditions in the foam column changed
around this time, with foamate after this containing fewer cells.
From Fig. 3 it is clear that this peak in foamate dry matter coincided
with a rapid change in the rate of foamate collection. Proportionally
very little foamate was collected up to 39h into the fermentations,
after this time foamate was collected rapidly and the dry matter
concentration fell. It is counterintuitive that increasing the airﬂow
rate in the foam column in fermentation B2 resulted in a reduction
of biomass in the foamate. It might be expected that the result-
ing higher superﬁcial gas velocity and reduced residence time over
which liquid could drain from the foam to increase the amount of
biomass in the foamate. Instead increasing the feed rate and aera-
tion rate reduced the amount of biomass carried into the foamate.
This could be due to ﬂow effects in the foam, with a greater liquid
ﬂux in the column cells could be ‘washed’ from the interface and
consequently returned to the fermenter rather than be carried into
the foamate.
4.2. Foam behaviour and residence times
From Fig. 3 it is apparent that the amount of foamate gener-
ated increases with decreasing foam column residence time, i.e.
a higher superﬁcial gas velocity in the foam column. As surface
active species are efﬁciently removed from solution by the foam
fractionation process, quicker foamate production corresponds to
an increased rate of removal of surface active species from the fer-
mentation broth. The increased stripping rate reduces foaming in
the fermenter vessel and hence minimises uncontrolled overﬂow.
The maximum residence time of broth in the fermenter can be
calculated in the limit of maximum fermentation working volume,
which is reached at the end of fermentations. As well as chang-
ing the liquid ﬂux in the foam column increasing the foam column
feed rate reduces the residence time of broth in the fermenter. For
fermentation B1 the maximum fermenter residence time was cal-
culated as 167min, approximately 3h, with a lower residence time
of 84min, around 1.5h, in fermentation B2. It seems that at the low
HFBII yield achieved in fermentations B1 and B2 the reduction in
uncontrolled overﬂow is related to the reduction in fermenter res-
idence time as well as the foam column residence time. Both allow
for all surface active species present in the broth to be stripped out
at a greater rate, reducing the amount of foaming which occurs.
This was the driver for increasing the feed rate in experiment B2
as it was apparent that the surfactant removal rate was insufﬁ-
cient in fermentation B1 and it seemed that reducing fermenter
residence time would reduce the uncontrolled overﬂow as was
observed experimentally.
The model of foam fractionation with reﬂux presented by Mar-
tin et al. [22] can be used to give insight into the behaviour of the
recirculating foam fractionation system and model the rate of foa-
mate generation. At the top of the column foam is collapsed and
enriched foamate collected at a rate equal to the product of the net
upwards superﬁcial liquid velocity, jf, and the cross sectional area
of the foam column, A. From the data shown in Fig. 3(a) and (b) a
mean value of jf can be calculated over the production phase. The
value of jf was calculated as 0.0059mms−1 between 37 and 45h for
fermentation B1 and 0.0101mms−1 for fermentation B2, between
39 and 47h. From these two experiments it is apparent that jf and
the superﬁcial gas velocity in the foamcolumn, jg, scale proportion-
ally with each other i.e. increasing jg by a factor of 1.67 increased
the corresponding jf by a factor of 1.71.
5. Conclusion
Foamfractionationhasbeenutilised for the continuous recovery
of extracellular HFBII from fermentation broth, in a novel, recircu-
lating system. The design of the apparatus allowed for the aeration
rate to the fermenter to be optimised to meet the biological oxy-
gen demand of the microorganism and the foam column air ﬂow
rate to be independently varied, giving direct control over the rate
of foamate generation and HFBII recovery and enrichment. Reduc-
ing the foam column residence time from 66 s to 44 s reduced the
amount of overﬂow from 255g to 45g, a reduction of a factor of
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17 compared to earlier fermentations without recirculating foam
fractionation. Biomass production and retention in the fermenter
were high, with up to 95% of the total dry matter retained. How-
ever the high biomass retention did not translate into high HFBII
production, due to overfeeding of glucose causing a lowHFBII yield.
Acknowledgements
The authors wish to Chris Tier at Unilever and Dr Aline Miller at
The University of Manchester for helping with HPLC analysis. The
authors are also grateful for Industrial CASE award support from
Unilever and the EPSRC which enabled this work to be conducted.
References
[1] I.M. Banat, A. Franzetti, I. Gandolﬁ, G. Bestetti, M.G. Martinotti, L. Fracchia,
T.J. Smyth, R. Marchant, Microbial biosurfactants production, applications and
future potential, Appl. Microbiol. Biotechnol. (2010) 1–18.
[2] J.D. Desai, I.M. Banat, Microbial production of surfactants and their commercial
potential, Microbiol. Mol. Biol. Rev. 61 (1997) 47–64.
[3] S. Mukherjee, P. Das, R. Sen, Towards commercial production of microbial sur-
factants, Trends Biotechnol. 24 (2006) 509–515.
[4] P.J. Wilde, D.C. Clark, Foam formation and stability, in: G.M. Hall (Ed.), Meth-
ods of Testing Protein Functionality, Blackie Academic & Professional, London,
1996, pp. 110–152.
[5] M.Haas JimohAkanbi, E. Post, A.Meter-Arkema, R. Rink,G.T. Robillard, X.Wang,
H.A.B. Wösten, K. Scholtmeijer, Use of hydrophobins in formulation of water
insoluble drugs for oral administration, Colloids Surf. B 75 (2010) 526–531.
[6] J.G.H. Wessels, Developmental regulation of fungal cell wall formation, Annu.
Rev. Phytopathol. 32 (1994) 413–437.
[7] J.G.H. Wessels, Hydrophobins: proteins that change the nature of the fungal
surface, in: R.K. Poole (Ed.), Advances in Microbial Physiology, Academic Press,
1996, pp. 1–45.
[8] J. Hakanpää, M. Linder, A. Popov, A. Schmidt, J. Rouvinen, Hydrophobin HFBII in
detail: ultrahigh-resolution structure at 0.75 A˚, Acta Crystallogr. D: Biol. Crys-
tallogr. 62 (2006) 356–367.
[9] A.R. Cox, F. Cagnol, A.B. Russell, M.J. Izzard, Surface properties of class II
hydrophobins from Trichoderma reesei and inﬂuence on bubble stability, Lang-
muir 23 (2007) 7995–8002.
[10] A.R. Cox, D.L. Aldred, A.B. Russell, Exceptional stability of food foams using class
II hydrophobin HFBII, Food Hydrocolloids (2008).
[11] F.L. Tchuenbou-Magaia, I.T. Norton, P.W. Cox, Hydrophobins stabilised air-
ﬁlled emulsions for the food industry, Food Hydrocolloids 23 (2009) 1877–
1885.
[12] R. Lemlich, Adsorptive bubble separation methods—foam fractionation and
allied techniques, Ind. Eng. Chem. 60 (1968) 16–29.
[13] D.G. Cooper, C.R. Macdonald, S.J.B. Duff, N. Kosaric, Enhanced production of
surfactin from Bacillus subtilis by continuous product removal and metal cation
additions, Appl. Environ. Microbiol. (1981) 408–412.
[14] D.A. Davis, H.C. Lynch, J. Varley, The application of foaming for the recovery of
Surfactin from B. subtilis ATCC 21332 cultures, Enz. Microb. Technol. 28 (2001)
346–354.
[15] C.Y. Chen, S.C. Baker, R.C. Darton, Batch production of biosurfactant with foam
fractionation, J. Chem. Technol. Biotechnol. 81 (2006) 1923–1931.
[16] C.Y. Chen, S.C. Baker, R.C. Darton, Continuous production of biosurfactant with
foam fractionation, J. Chem. Technol. Biotechnol. 81 (2006) 1915–1922.
[17] M.S. Yeh, Y.H. Wei, J.S. Chang, Bioreactor design for enhanced carrier-
assisted surfactin production with Bacillus subtilis, Process. Biochem. 41 (2006)
1799–1805.
[18] B. Junker, Foam and its mitigation in fermentation systems, Biotechnol. Prog.
23 (2007) 767–784.
[19] J.B.Winterburn, A.B. Russell, P.J. Martin, Characterisation of HFBII biosurfactant
fermentation and foam fractionation with and without antifoaming agents,
Appl. Microbiol. Biotechnol. (2011) doi:10.1007/s00253-011r-r3137-2.
[20] J.W. Chapman, M.N. Linder, A.B. Russell, A polynucleotide expression cassette,
WO2010/034708 A1 (Patent), (2010).
[21] T. van de Laar, C. Visser,M. Holster, C.G. López, D. Kreuning, L. Sierkstra, N. Lind-
ner, T. Verrips, Increased heterologous protein production by Saccharomyces
cerevisiae growing on ethanol as sole carbon source, Biotechnol. Bioeng. 96
(2007) 483–494.
[22] P.J. Martin, H.M. Dutton, J.B. Winterburn, S. Baker, A.B. Russell, Foam fraction-
ation with reﬂux, Chem. Eng. Sci. 65 (2010) 3825–3835.
